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ABSTRACT 

The primary objective of this investigation was the development of 

a practical analytical method of determining the interface thermal con- 

ductance of a bolted joint from a minimum of design information. Such a 

method was developed and its validity demonstrated with experimental 

data. 

In reviewing the literature, it was found that the development of a 

These completely analytical method was hampered by a number of factors. 

included the lack of: (1) experimental data for the stress distribution 

under boltheads, (2 )  an experimentally verified method for obtaining the 

stress distribution in the interface of a bolted joint and the region of 

apparent contact, and (3 )  a theoretical method for predicting the inter- 
c 

face gap when the stresses are known. A comprehensive program combining 

experimental analysis with theory and digital computer calculations was 

undertaken to eliminate the unknowns and to provide the necessary 

analytical techniques. 

Normal stress distributions under button-head and fillister-head 

bolts were measured and the results indicate that the common assumption 

of a uniform stress is not always valid. 

Measurements of the interface stress distribution between thin 

bolted plates were made and the results for the extent of the stress 

region were found to disagree with Sneddon's theory developed for a sim- 

plified configuration. This disagreement was found to be important when 

calculating deflections of bolted plates, Fernlund's simplified approach 

to determining the interface stress distribution, previously verified for 

xxi 



t h i c k  p la tes ,  was shorn t o  be  i n v a l i d  f o r  t h i n  plates. 

method was developed t o  r ep lace  Fernlund's s i m p l i f i e d  method f o r  t h i n  

p la tes  and was shown t o  y i e l d  i n t e r f a c e  stress d i s t r i b u t i o n s  which, when 

used t o  c a l c u l a t e  p l a t e  d e f l e c t i o n s ,  produced d e f l e c t i o n s  i n  good agree- 

ment wi th  experimental  measurements. The goodness of t h e  agreement was 

A new approximate 

found t o  depend upon t h e  exact va lue  used f o r  t h e  e x t e n t  of the i n t e r f a c e  

stress reg ion .  

An a n a l y t i c a l  t echnique ,  employing t h e  method o f  supe rpos i t i on ,  was 

developed t o  desc r ibe  t h e  d e f l e c t i o n  of t h i n  c i r c u l a r  p l a t e s  with c e n t e r  

ho le s  , s u b j e c t  t o  non-uniform p a r t i a l  loading .  

were programmed f o r  s o l u t i o n  on a d i g i t a l  computer. The v a l i d i t y  of t h i s  

a n a l y s i s  was checked exper imenta l ly  f o r  t h i n  c i r c u l a r  and square  p l a t e s .  

Using t h e  computer program, t h e  d e f l e c t i o n  o f  t h i n  b o l t e d  p la tes  was 

shown t o  be extremely s e n s i t i v e  t o  t h e  i n t e r f a c e  stress d i s t r i b u t i o n .  

Fernlund's s i m p l i f i e d  method t o  determine t h e  i n t e r f a c e  stress d i s t r i b u -  

t i o n ,  when used with t h e  d i g i t a l  program was found t o  y i e l d  p l a t e  de f l ec -  

t i o n s  more than an o rde r  of magnitude too  l a r g e  f o r  t h i n  p l a t e s .  Plate 

d e f l e c t i o n  c a l c u l a t i o n s ,  based upon experimental  d a t a  obta ined  i n  t h i s  

s tudy  f o r  t h e  r a d i a l  e x t e n t  o f  t h e  i n t e r f a c e  stress and an approximate 

method developed t o  d e s c r i b e  t h e  i n t e r f a c e  stresses between t h i n  p la tes ,  

were shown t o  agree  well with measured va lues  o f  p l a t e  d e f l e c t i o n .  

The r e s u l t i n g  equat ions  

The i n t e r f a c e  p re s su res  and p l a t e  d e f l e c t i o n s ,  determined from the  

study o f  bo l thead  and j o i n t  i n t e r f a c e  stresses, were used i n  equa t ions  

prev ious ly  developed t o  determine the thermal conductance of two b o l t e d  

j o i n t s  i n  the  reg ion  o f  i n t e r f a c i a l  c o n t a c t ,  and i n  t h e  zone o f  i n t e r -  

f a c i a l  s epa ra t ion .  The computed va lues  o f  thermal conductance were used 
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in a finite-difference heat transfer analysis to determine the steady- 

state temperature gradients across aluminum and stainless-steel bolted 

joints in air and vacuum. 

with experimentally determined gradients within 2'F. 

These computed gradients were found to agree 

The experimental 

gradients were obtained in 5 tests in air at ambient pressure and 

4 tests in vacuum. 
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CHAPTER I 

INTRODUCTION 

The determinat ion of accu ra t e  temperature d i s t r i b u t i o n s  and h e a t  

t r a n s f e r  rates i n  h igh ly - s t r e s sed  s t r u c t u r e s  i s  of  g r e a t  importance,  

p a r t i c u l a r l y  i n  t h e  aerospace indus t ry .  High temperatures  are produced 

i n  h igh  performance a i r c r a f t  and rocke t s  by e i t h e r  aerodynamic h e a t i n g  

o r  h e a t  t r a n s f e r  from products  of  combustion; i n  s p a c e c r a f t ,  by s o l a r  

hea t ing .  Very low temperatures  are a l s o  produced i n  these  same v e h i c l e s ,  

owing p r imar i ly  t o  t h e  cool ing  a c t i o n  of  cryogenic  p r o p e l l a n t s .  A t  

c e r t a i n  t i m e s ,  one p a r t  o f  a s t r u c t u r e  i s  being seve re ly  hea ted  and an 

ad jacent  p a r t  i s  being cryogenica l ly  cooled.  This combination r e s u l t s  

i n  l a rge  temperature g r a d i e n t s  and correspondingly h igh  h e a t  t r a n s f e r  

ra tes .  

I n  the  ma jo r i ty  of  s t r u c t u r a l  temperature s t u d i e s ,  t he  temperature 

d i s t r i b u t i o n  i n  s t r u c t u r a l  members t h a t  are b o l t e d  o r  r i v e t e d  toge the r  

is determined by assuming t h a t  t he  f a s t e n e r s  are n o t  present  and t h a t  

t he  members are i n  p e r f e c t  phys ica l  c o n t a c t ,  i . e . ,  thermally they a c t  

as a uniform s o l i d .  However, when the  need f o r  accu ra t e  temperature 

d i s t r i b u t i o n s  i s  combined w i t h  h igh  hea t  t r a n s f e r  ra tes ,  the  d iscont inu-  

i t y  of t he  real  j o i n t  may no longer  be ignored.  This  is  a l s o  t r u e  i n  

spacec ra f t  s t r u c t u r e s  when t h e  need f o r  accu ra t e  temperature  d i s t r i b u -  

t i o n s  i s  combined with only moderate h e a t  t r a n s f e r  ra tes .  This  l a t te r  

problem occurs  f r equen t ly  i n  spacec ra f t  s t r u c t u r e s  which are ad jacent  t o  

as t ronomical  experiments.  

The fol lowing i s  an example of  a t r a n s i e n t  h e a t  t r a n s f e r  problem i n  

which j o i n t  d i s c o n t i n u i t y  must be considered.  
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Consider t h e  s i m p l e ,  two-dimensional l a p  j o i n t  dep ic t ed  i n  

I l l u s t r a t i o n  1-1. I f  T3 and are f i x e d  temperatures a t  p o i n t s  P3 and 

P4 and h e a t  i s  flowing i n t o  t h e  j o i n t  only a t  P3 and l eav ing  only  a t  Pa, 

a t r a n s i e n t  temperature a n a l y s i s  can be obta ined  w i t h  a d i g i t a l  computer. 

The thermal p r o p e r t i e s  o f  the materials and t h e  thermal conductance o f  

t h e  i n t e r f a c e  must be known. The va lue  o f  t h e  i n t e r f a c e  thermal conduc- 

tance  can have a pronounced e f f e c t  on the temperature a t  po in t s  1 and 2 

as w e l l  a s  on t h e  t r a n s i e n t  h e a t  r e j e c t i o n  r a t e .  

Q1 

Q2 

ILLUSTRATION 1-1 Two-Dimensional Lap J o i n t  

This e f f e c t  i s  demonstrated i n  the  r e s u l t s  o f  a s h o r t  s tudy ,  graphi- 

c a l l y  presented  i n  F igures  1-1 and 1-2, which was conducted wi th  t h e  

d i g i t a l  program descr ibed  i n  r e fe rence  1. 

i s  a l s o  g iven  i n  these  two f i g u r e s .  

conductance used--6.7 X 

Values o f  t h i s  o rde r  have been exper imenta l ly  measured, however, i n  t h e  

case o f  r i v e t e d  l a p  j o i n t s  by Coulbert and Liu ( 2 ) .  

posely chosen t o  emphasize the l a r g e  e r r o r s  t h a t  can sometimes occur i f  

t h e  j o i n t  d i s c o n t i n u i t y  i s  neglec ted .  I n  many s p a c e c r a f t ,  a t e m p e r a t u r e  

The p e r t i n e n t  phys ica l  d a t a  

The va lue  o f  t h e  i n t e r f a c e  thermal 

BTU/in2 sec OF--admittedly i s  q u i t e  low. 

A low va lue  was pur- 
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e r r o r  of 10 degrees  o r  a 10 percent  e r r o r  i n  h e a t  t r a n s f e r  rate can be 

se r ious .  

The purpose of  t h i s  i n v e s t i g a t i o n  was t o  provide a means of a n a l y t i -  

c a l l y  determining t h e  i n t e r f a c e  thermal conductance of a b o l t e d  j o i n t  

from a minimum of  design informat ion ,  U n t i l  t h e  p re sen t  t i m e ,  t h i s  was 

not  p o s s i b l e ,  a s  a d i scuss ion  of t he  present  s t a t e - o f - t h e - a r t  w i l l  show 

i n  Chapter 11. 

The i n v e s t i g a t i o n  was both  t h e o r e t i c a l  and experimental .  The 

experimental  work was intended both  t o  provide e m p i r i c a l  da t a  f o r  b o l t -  

head and j o i n t  i n t e r f a c e  stress d i s t r i b u t i o n s  where c u r r e n t  theory i s  

inadequate ,  and t o  v e r i f y  t h e  h e a t  t r a n s f e r  a n a l y s i s .  
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CHAPTER I1 

BACKGROUND, LITERATURE SURVEY, AND PROBLEM DEFINITION 

A d i scuss ion  of t he  underlying phys ica l  mechanisms and a review of 

t he  c u r r e n t  s t a t e  of  a f f a i r s  p e r t a i n i n g  t o  j o i n t  thermal conductance i s  

requi red  before  t h i s  i n v e s t i g a t i o n  can be descr ibed .  A sys temat ic  t r e a t -  

ment of  t h e  va r ious  aspects i s  necessary because o f  t h e  complexity o f  

t h e  o v e r a l l  problem. This w i l l  be done according t o  t h e  following 

out  l i ne :  

A .  The d i f f e rences  between an i d e a l i z e d  j o i n t  ( o r  con tac t s )  and an 
a c t u a l  mechanical j o i n t ,  e i t h e r  b o l t e d  o r  r i v e t e d ,  w i l l  be 
expla ined .  

B .  The hea t  t r a n s f e r  mechanisms involved i n  i n t e r f a c i a l  h e a t  t r a n s -  
f e r  w i l l  be descr ibed  and t h e i r  magnitudes compared. 

C .  Previous r e sea rch  p e r t a i n i n g  t o  h e a t  t r a n s f e r  ac ross  con tac t s  
and a c t u a l  mechanical j o i n t s  w i l l  be d iscussed .  

D.  The s p e c i f i c  problem under i n v e s t i g a t i o n  w i l l  be  def ined  and 
t h e  work done w i l l  be o u t l i n e d .  

A.  I d e a l i z e d  J o i n t  Versus an Actual Mechanical J o i n t  

I n  most of  t he  work t h a t  has been done t o  measure e i t h e r  t h e  h e a t  

t r a n s f e r  ac ross  o r  the  thermal conductance of an i n t e r f a c e ,  many s i m p l i -  

fying assumptions have been made. The mechanical f a s t e n e r  was e l imina ted  

and t h e  problem worked a s  i f  t h e  two j o i n t  members were pressed toge the r  

by a uniformly d i s t r i b u t e d  load.  The s i m p l i f i c a t i o n  i s  demonstrated by 

I l l u s t r a t i o n  11-1. 

There are important d i f f e r e n c e s  between t h e  h e a t  t r a n s f e r  problems 

of  a c t u a l  j o i n t s  and of  c o n t a c t s .  I n  t h e  a c t u a l  j o i n t ,  t h e  width of t he  

i n t e r f a c e  ( i n t e r f a c e  gap) i s  a func t ion  of  f a s t e n e r  and j o i n t  geometry 

as w e l l  as t h e  torque app l i ed  t o  t h e  f a s t e n e r .  The width of  t h i s  gap 
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varies  cons iderably  along t h e  i n t e r f a c e .  I n  the  i d e a l i z e d  j o i n t ,  t h e  

app l i ed  load  i s  uniform and t h e  i n t e r f a c e  stress i s  macroscopical ly  

uniform. The i n t e r f a c e  stress v a r i e s  on a microscopic scale because of 

i r r e g u l a r i t i e s  on t h e  con tac t  su r f aces .  Of primary importance i n  a 

s tudy of t h e  thermal conductance of  con tac t s  i s  t h e  cons ide ra t ion  of  t he  

microscopic roughness.  A s tudy  of t he  thermal conductance of  an a c t u a l  

mechanical j o i n t  involves  p r imar i ly  the  determinat ion of  t h e  macroscopic 

con tac t  zone, which i s  a func t ion  of t h e  stresses induced i n  the  j o i n t  

members by t h e  f a s t e n e r .  

Actual J o i n t  I d e a l i z e d  J o i n t  o r  Contacts 

ILLUSTRATION 11-1 

B .  I n t e r f a c i a l  Heat Transfer  Mechanisms 

The e s s e n t i a l  problem i n  the  s tudy of i n t e r f a c i a l  h e a t  t r a n s f e r  i s  

t o  determine e i t h e r  t h e  e f f e c t i v e  thermal conduct iv i ty  o r  t h e  thermal 

r e s i s t i v i t y  of  t h e  i n t e r f a c e .  Since t h e  b a s i c  mechanisms of  hea t  trans- 

f e r  ac ross  a c t u a l  mechanical j o i n t s  and con tac t s  are t h e  same, t h e  fo l -  

lowing d i scuss ion  w i l l  be  i n i t i a l l y  confined t o  c o n t a c t s .  The problem 

of the  a c t u a l  j o i n t  w i l l  be  considered l a t e r .  
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Consider two plates  t h a t  are placed toge the r  and he ld  i n  p o s i t i o n  

by a uniformly app l i ed  f o r c e .  To t h e  unaided eye ,  t he  two p l a t e s  might 

appea r  t o  be i n  p e r f e c t  c o n t a c t ,  e s p e c i a l l y  i f  t h e  su r faces  i n  con tac t  

are h ighly  pol i shed .  On t h e  c o n t r a r y ,  because microscopic i r r e g u l a r i t i e s  

do e x i s t ,  even i n  t h e  most h ighly  pol i shed  s u r f a c e s ,  t h e  two p l a t e s  do 

no t  meet over t he  e n t i r e  a r e a  of t h e  i n t e r f a c e .  Espec ia l ly  a t  low con- 

t a c t  p re s su res ,  the  su r faces  may touch a t  very  few places (as few as 

t h r e e  a r e  p o s s i b l e ) .  Although the  i n t e r f a c e  gap varies from po in t  t o  

poin t  ( I l l u s t r a t i o n  11-2)  an average va lue  of t h i s  gap can be used t o  

r ep resen t  t he  proximity of t h e  two s u r f a c e s .  

p l a t e  1 i n  I l l u s t r a t i o n  11-2 i s  hea ted  and the  o u t s i d e  su r face  of 

p l a t e  2 i s  cooled ,  a temperature g rad ien t  w i l l  e x i s t  ac ross  t h e  width o f  

I f  t h e  ou t s ide  su r face  o f  

q t  = GAT 

Ct = c, + Cf 

ILLUSTRATION 11-2 Heat Transfer  ac ross  Contacts 
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t h e  p l a t e s .  This  g r a d i e n t  w i l l  be t h e  summation o f  t h e  g r a d i e n t s  a c r o s s  

each p l a t e  and t h e  temperature drop (AT) t h a t  occurs  a t  t h e  i n t e r f a c e .  

This temperature drop i s  t h e  r e s u l t  o f  a f i n i t e  i n t e r f a c e  gap. 

The t o t a l  hea t  t r a n s f e r  between t h e  su r faces  w i l l  b e  due t o  t h e  

h e a t  conducted ac ross  the a c t u a l  c o n t a c t  p o i n t s  and t h a t  t r a n s f e r r e d  

ac ross  any i n t e r s t i t i a l  f l u i d .  I f  t h e  t o t a l  h e a t  t r a n s f e r  ra te  i s  

denoted by Qt , t h e  h e a t  t r a n s f e r  r a t e  ac ross  t h e  c o n t a c t  po in t s  by Qa; 

and t h e  r a t e  ac ross  t h e  f l u i d  by Qf: 

where Ca and Cf denote t h e  thermal conductance of t h e  con tac t  p o i n t s  and 

t h e  f l u i d ,  r e s p e c t i v e l y ,  and A i s  t h e  apparent c o n t a c t  s u r f a c e  a r e a .  

1) F l u i d  Conductance: 

The conductance of t h e  i n t e r s t i t i a l  f l u i d ,  i f  one i s  p r e s e n t ,  

depends on s e v e r a l  f a c t o r s ,  s i n c e  hea t  t r a n s f e r  a c r o s s  t h e  f l u i d  may 

occur by conduction, convec t ion ,  r a d i a t i o n  o r  a combination of t hese .  

Therefore Cf may be expressed a s  

c, = CD + c, + c, (II- 2) 

where C, , C, , and C, a r e  t h e  thermal conductances of t h e  f l u i d  due t o  

conduction, convec t ion ,  and r a d i a t i o n ,  r e s p e c t i v e l y .  These conductances 

need d i scuss ion  i n  some d e t a i l .  It w i l l  be  shown t h a t ,  a t  moderate t e m -  

pe ra tu re  l e v e l s ,  r a d i a t i o n  and convection can be neg lec t ed ,  i n  most 

c o n t a c t s  and j o i n t s .  

Radia t ion .  F i r s t  compare h e a t  t r a n s f e r  ac ross  an i n t e r f a c e  gap by 
I 

r a d i a t i o n  and f l u i d  conduction. The hea t  f l u x  by r a d i a t i o n  can be 

expressed as 



where TA and T, are t h e  abso lu te  temperatures o f  t h e  c o n t a c t  s u r f a c e s .  

The Stefan-Boltzmann equat ion  app l i ed  t o  t h i s  s i t u a t i o n  i s  shown by 

Eckert  and Drake (3 )  t o  be 

(11-4) 

where cr = Stefan-Boltzmann cons t an t  and C A  and CB are t h e  emi t tances  of 

t h e  c o n t a c t  s u r f a c e s .  A combination o f  equat ions  11-3 and 11-4 g ives  

(11- 5) 

Assume now an equ iva len t  i n t e r f a c e  gap f o r  r a d i a t i o n ;  t h i s  i s  a gap 

th ickness  t h a t  would have t h e  same conductance by f l u i d  conduction. Then 

where k, i s  the  thermal conduc t iv i ty  of t h e  i n t e r f a c e  f l u i d  f o r  t h e  

average temperature and p res su re  of t h e  gap. I f  i t  i s  assumed tha t  

€ A  = Cg = 1 and TA TB N = T,, then T A  f TB 
2 

(11- 7) 

I n  Figure 11-1, t h i s  expres s ion  i s  p l o t t e d  f o r  a i r  a t  a p res su re  o f  one 

atmosphere. The f l u i d  thermal conduc t iv i ty  i s  independent of  p re s su re  

except i n  t h e  vacuum range; i . e . ,  less than  about 0.2 p s i a  [according t o  

R .  A .  Minzner e t  a l .  ( 4 ) ] .  The curve i s  t h e r e f o r e  a conserva t ive  e s t i -  

mate f o r  most problems ( s i n c e  = e, = 1) involv ing  a i r  a s  t h e  i n t e r f a c e  

f l u i d  and i s  t y p i c a l  f o r  most o t h e r  gases .  
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F I G U R E  11-1 E UIVALENT A I R  GAP FOR RADIATION VERSUS 
M 8 AN I N T E R F A C E  TEMPERATURE 
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I f ,  i n  a p a r t i c u l a r  s i t u a t i o n ,  t h e  maximum i n t e r f a c e  gap i s  small  

compared wi th  6, h e a t  t r a n s f e r  by r a d i a t i o n  may be neg lec t ed .  I n  

Figure 11-1 a g a i n ,  f o r  an i n t e r f a c e  temperature of  1000"R, i t  can be 

seen t h a t  the equ iva len t  a i r  gap f o r  r a d i a t i o n  i s  0.034 i nches .  Since 

a nominal va lue  f o r  l a r g e  gaps i s  a c t u a l l y  about 0 ,001 inches ,  t h e  h e a t  

t r a n s f e r  due t o  r a d i a t i o n  would only  be about t h r e e  percent  o f  t h a t  due 

t o  f l u i d  conduction. Of cour se ,  when t h e r e  i s  no f l u i d  i n  the  gap, t h e  

conductance due t o  r a d i a n t  hea t  t r a n s f e r  has t o  be compared wi th  the  

va lue  of t h e  conductance of t h e  con tac t  p o i n t s  t o  determine i f  r a d i a t i o n  

m u s t  be cons idered .  

Convection. Consider now t h e  problem of convective h e a t  t r a n s f e r  

i n  t h e  i n t e r f a c e  gap. To determine whether convection ac ross  a p a r t i c u -  

l a r  i n t e r f a c e  may be neg lec t ed ,  t h e  r a t i o  C, /C, = C, 6/k, i s  convenient , 

where 6 i s  t h e  average va lue  of t h e  i n t e r f a c e  gap. 

va lues  of t h e  r a t i o  f o r  a i r  determined by va r ious  i n v e s t i g a t o r s .  These 

va lues  a r e  presented  i n  g raph ica l  form as a func t ion  of t h e  Grashof 

Number, G r .  

- 

Jacob (5) g ives  

To apply t h i s  d a t a  t o  t h e  immediate problem, t h e  p r o p e r t i e s  of a i r  

The express ion  Cv6/k, i s  the  r a t i o  o f  t h e  conduc- are eva lua ted  a t  T,. 

tance f o r  hea t  t r a n s f e r  by convection t o  t h a t  f o r  conduction only .  

McAdams (6) i n d i c a t e s  t h a t ,  f o r  a v e r t i c a l  i n t e r f a c e  gap ( t h e  o r i e n t a -  

t i o n  most conducive t o  convec t ion) ,  f r e e  convection can be ignored f o r  

G r  < 2000. For a h o r i z o n t a l  gap, t h e  l i m i t i n g  Grashof Number i s  1000. 

Figure 11-2 (from re fe rence  7)  i s  u s e f u l  f o r  determining whether 

n a t u r a l  convection should be cons idered  i n  a p a r t i c u l a r  case. This 

f igu re  i s  a p l o t  of t h e  minimum i n t e r f a c e  gap th ickness  f o r  f r e e  convec- 

t i o n  ve r sus  t h e  temperature drop ac ross  t h e  gap, wi th  T,., as a parameter.  
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It  i s  based on a l i m i t i n g  Grashof Number of 2000, an ambient p re s su re  o f  

one atmosphere, and a i r  as the i n t e r f a c e  f l u i d .  I f  t h e  i n t e r f a c e  pres- 

su re  i s  less than one atmosphere, t h e  minimum gap th i ckness  f o r  f r e e  

convection i n c r e a s e s .  From Figure 11-2 i t  can be seen  t h a t  i n  most 

cases, h e a t  t r a n s f e r  by convection w i l l  be only a small percentage o f  

t h a t  by f l u i d  conduction. 

Conduction. From t h e  foregoing d i scuss ion ,  i t  can be concluded 

t h a t  t h e  dominant mode o f  hea t  t r a n s f e r  ac ross  the f l u i d  i n  the i n t e r f a c e  

gap w i l l  be conduction, i n  most cases. 

Previous ly  i t  was noted t h a t  conductive h e a t  t r a n s f e r  ac ross  t h e  

gap i s  p ropor t iona l  d i r e c t l y  wi th  t h e  f l u i d  conduc t iv i ty  and i n v e r s e l y  

with the average va lue  o f  gap th i ckness .  Thus, t he  conductance due t o  

f l u i d  conduc t iv i ty  i s  

(11- 8) 

The va lue  of CD can be determined i f  k, a n d ?  a r e  known. 

determining ? w i l l  be d iscussed  l a t e r . )  

upon t h e  f l u i d ,  the i n t e r f a c e  temperature,  and, i n  some c a s e s ,  t h e  

ambient p re s su re .  Since a i r  i s  t h e  most common f l u i d ,  t he  va lue  of k, 

f o r  a i r  w i l l  be cons idered  he re .  

(Methods o f  

The va lue  o f  k, i s  dependent 

The thermal conduc t iv i ty  of dry  a i r ,  L, i s  p l o t t e d  as  a func t ion  

of temperature a t  a p re s su re  o f  one atmosphere i n  F igure  11-3. E x p e r i -  

menta l ly ,  has been found t o  be  independent of p r e s s u r e ,  except a t  

very  low p res su res  when the mean f r e e  pa th  of t h e  a i r  molecules 

approaches the width of t h e  i n t e r f a c e  gap ( 8 ) .  A t  these low p r e s s u r e s ,  

continuum theory ceases  t o  be a p p l i c a b l e .  Free-molecule hea t  conduc- 

t i v i t y  must be used. 
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Dushman (9) g ives  t h e  free-molecule hea t  conduc t iv i ty  of  a gas a t  

32OF as 

2.58 x 10"~ BTU (*) sec OR lb, 
A =  

MOW5 
(11-9) 

where M i s  the molecular weight o f  t h e  gas  and y i s  t h e  r a t i o  o f  specif ic  

h e a t s .  Dushman a l s o  g ives  t h e  mean thermal conduc t iv i ty  between two 

s u r f a c e s  i n  s l i p  flow a s  

''(in. BTU sec O R  ) = 2I3TPf A(&) (yr (11- l o )  

where P, i s  the  p re s su re  ( p s i a )  and Tf i s  the  temperature (OR) of t h e  

f l u i d  between the  s u r f a c e s .  Dushman shows t h a t  

(11-11) 

and i f  t h i s  equat ion  i s  combined with equat ions  11-9,  11-10 and 11-11, 

the  r e s u l t  i s  
- 

2 9y - 5 @f k M (  BTU ) = 5.53 x io- 
i n .  sec  OR y - l  & '  

(11- 12) 

This equat ion  i s  p l o t t e d  i n  F igure  11-4 f o r  a i r  a t  f i v e  va lues  of Tf . 
When a va lue  f o r  t h e  thermal conduc t iv i ty  of a i r  i s  needed a t  p re s su res  

lower than those  a v a i l a b l e  from Figure 11-4, equa t ion  11-12  may be used 

wi th  the  appropr i a t e  va lue  of t h e  molecular weight.  

With a knowledge o f  t h e  f l u i d  conduc t iv i ty  and the  average va lue  of 

t h e  i n t e r f a c e  gap th i ckness ,  t h e  f l u i d  conductance due t o  conduction can 

be determined. I f  r a d i a t i o n  and convection may be neg lec t ed ,  then t h i s  

i s  t h e  t o t a l  va lue  of f l u i d  conductance. With a known va lue  o f  C,, a 

de termina t ion  of C, w i l l  g ive  the t o t a l  conductance of t h e  i n t e r f a c e .  
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2) Contact Poin t  Conductance: 

Much work, both t h e o r e t i c a l  and experimental., has  been and i s  

c u r r e n t l y  being done t o  de f ine  the  na tu re  and magnitude of t h e  con tac t  

po in t  conductance f o r  i d e a l i z e d  j o i n t s .  I n  o rde r  t o  adequately d i scuss  

t h i s  problem, i t  i s  necessary  t o  cons ider  some of t h e  t h e o r e t i c a l  

approaches t h a t  have been taken and t h e  r e s u l t s  of  t h e  numerous exper i -  

mental i n v e s t i g a t i o n s .  This  w i l l  be done i n  the  fol lowing paragraphs.  

C .  L i t e r a t u r e  Survey 

The problem of determining the  thermal g r a d i e n t s  ac ross  su r faces  i n  

con tac t  ( o r  i t s  equ iva len t ,  t he  thermal conductance o f  con tac t s )  was of 

concern a s  f a r  back a s  1913, when Northrup (lo), i n  d i scuss ing  t h i s  

problem i n  r e l a t i o n  t o  t h e  measurement of  t h e  thermal conduct iv i ty  of  

metals, p resented  some experimental  d a t a .  H e  measured the  thermal con- 

t a c t  r e s i s t a n c e  of the  i n t e r f a c e  between two sol id-copper  c y l i n d e r s ,  

3 . 8  cm i n  diameter ,  p ressed  toge the r  and found t h a t  a t  a pressure  of  

1 .6  kg the  i n t e r f a c e  r e s i s t a n c e  i s  equal  t o  the  thermal r e s i s t a n c e  of a 

s e c t i o n  of t he  copper b a r ,  31.2 cm long.  I n  1919, Taylor (11) accounted 

f o r  con tac t  thermal r e s i s t a n c e  t o  design an appara tus  t o  measure t h e  

thermal conduct iv i ty  of va r ious  bu i ld ing  m a t e r i a l s ;  i n  1922, Van Dusen 

(12) measured the  thermal r e s i s t a n c e  of  con tac t s  as a func t ion  of  t h e  

phys ica l  condi t ion  of t h e  i n t e r f a c e  and the  type of f i l l e r  m a t e r i a l  

employed i n  the  i n t e r f a c e .  

Jacobs and S t a r r  (13) ,  i n  1939, measured t h e  thermal conductance of 

go ld ,  s i l v e r ,  and copper c o n t a c t s  as a func t ion  of  i n t e r f a c e  temperature 

and pressure .  Thei rs  was t h e  f i r s t  work i n  t h e  modern era.  I n  t h e  same 

y e a r ,  Bowden and Tabor (14) measured t h e  a rea  of  con tac t  between two 
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con tac t ing  su r faces  by e l e c t r i c a l  conductance measurements. 

primary i n t e r e s t  was t h e  e lec t r ica l  r e s i s t a n c e  problem. I n  1940-41, 

t h r e e  more papers  (15, 16 ,  17)  appeared which gave experimental  d a t a  

Their  

r e l a t e d  t o  t h e  e l e c t r i c a l  r e s i s t a n c e  problem. I n  1944, Karush (18) 

presented  one of t h e  f i r s t  mathematical approaches t o  t h e  con tac t  h e a t  

t r a n s  f e r  problem. 

Since t h e  l a t e  f o r t i e s ,  many more papers have been publ ished which 

d i scuss  the  con tac t  conductance problem. A very  comprehensive b ib l iog -  

raphy of t hese  was compiled by Atkins  (19) i n  1965, and a f a i r l y  com- 

prehensive review of  t h i s  l i t e r a t u r e  was prepared by Minges (20) i n  1966. 

A d e t a i l e d  d i scuss ion  of some experimental  r e s u l t s  and of t h r e e  theo- 

r e t i c a l  approaches w i l l  be  made i n  l a t e r  paragraphs,  but  no d i scuss ion  

w i l l  be given here  of the  p a p e r s  during the  per iod from 1945 t o  1965. 

However, some of t h e  very recent  work w i l l  be b r i e f l y  touched upon. 

Most of the  very r e c e n t  p a p e r s  have been concerned wi th  experimental  

da t a  f o r  t he  thermal conductance of metal j o i n t s  i n  a vacuum. During 

1965-66, t he  r e s u l t s  of a t  l e a s t  seven experimental  s t u d i e s  i n  vacua 

were published ( 2 1 ,  2 2 ,  2 3 ,  24,  25, 26, 27) .  These d e a l t  p r imar i ly  with 

metals:  aluminum and i t s  a l l o y s ,  copper ,  i r o n ,  s t a i n l e s s  s t ee l ,  be ry l -  

lium, and magnesium. I n  most c a s e s ,  t h e  con tac t  bear ing  p r e s s u r e  was 

the s i g n i f i c a n t  independent parameter. Koh and John (28) i n v e s t i g a t e d  

the  e f f e c t  of s o f t  metal f o i l s  i n  the  i n t e r f a c e  on t h e  thermal con tac t  

r e s i s t a n c e .  W i l l i a m s  (29) performed more b a s i c  experiments which aimed 

a t  measuring t h e  in f luence  of t h e  number of con tac t  po in t s  and of t he  

appl ied  load on the  con tac t  r e s i s t a n c e .  Mendolsohn (30) conducted an 

a n a l y s i s  t o  determine the  in f luence  o f  t h e  con tac t  r e s i s t a n c e  problem on 

the  e f f i c i e n c y  of a space thermal r a d i a t o r .  
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Besides the  afore-mentioned papers  which contained experimental  

d a t a ,  a t  least  f i v e  o the r  r e c e n t  papers  are p r imar i ly  t h e o r e t i c a l  o r  

a n a l y t i c a l .  Blum and Moore (31) i n v e s t i g a t e d  t h e  t r a n s i e n t  e f f e c t s  i n  

t h e  con tac t  conductance problem t h a t  inc luded  changes i n  t h e  con tac t  

temperature and i n  the  phys ica l  s t r u c t u r e  of t he  c o n t a c t .  

(32)  developed a s t a t i s t i c a l  method f o r  determining the  i n t e r a c t i o n  

between two randomly-rough s u r f a c e s  placed f ace  t o  f ace .  Yovanovich (33) 

developed an i d e a l i z e d  theory t o  desc r ibe  the  c o n t a c t  r e s i s t a n c e  between 

smooth r i g i d  planes and deformable smooth spheres .  To so lve  a s i m p l i f i e d  

ve r s ion  of the  con tac t  h e a t  conduction problem, Hultberg (34) developed 

a t h e o r e t i c a l  approach. Ozis ik  and Hughes (35) developed a s i m p l e  ana- 

l y t i c a l  r e l a t i o n  t o  p r e d i c t  t he  thermal con tac t  conductance of  a smooth 

sur face  i n  con tac t  with a rough su r face .  This a n a l y s i s  r e q u i r e s  t h a t  

Dutkiewicz 

c e r t a i n  t e s t  da t a  on the  a c t u a l  con tac t  be a v a i l a b l e .  

I n  the  preceding paragraphs it has  been seen t h a t  t h e  thermal con- 

ductance problem involv ing  c o n t a c t s  ( i d e a l i z e d  j o i n t s )  has  been of 

i n t e r e s t  s ince  the  e a r l y  p a r t  of t h i s  cen tury .  However, with respect t o  

a c t u a l  mechanical j o i n t s  involv ing  some s o r t  o f  f a s t e n e r ,  t he  f i r s t  known 

pub l i ca t ion  was t h a t  of J e l i n e k  ( 3 6 ) ,  i n  1949, who measured the  conduc- 

tance of  e i g h t  r i v e t e d  s t r u c t u r a l  j o i n t s  f o r  t h e  rocke t  package of t he  

F-86D a i r p l a n e .  It appears  t h a t  t h e  thermal conductance problem of a 

mechanically fas tened  j o i n t  was ignored u n t i l  t h e  advent of high- 

performance a i r c r a f t  and missiles, when aerodynamic hea t ing  became a 

problem and the  i n t e r f a c e  conductance of  r i v e t e d  and b o l t e d  j o i n t s  

r equ i r ed  cons ide ra t ion .  A s  technology has  advanced toward h igher  speed 

a i r c r a f t ,  missiles, rocke t  boos t e r s ,  and spacecraft, i nc reas ing  emphasis 

has been placed on t h i s  problem. 
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I n  the  e a r l y  and middle 1950's ,  t h e r e  were s e v e r a l  pub l i ca t ions  on 

the  s u b j e c t  o f  r i v e t e d  and b o l t e d  j o i n t s .  

t he  i n t e r f a c e  conductance of s i x t e e n  r i v e t e d  and one welded aluminum 

j o i n t  i n  1953, b u t  they presented  no a n a l y t i c a l  c o r r e l a t i o n .  UCLA, i n  

t he  same y e a r ,  began ex tens ive  series of experiments involv ing  both 

r i v e t e d  and welded a i r c r a f t  s t r u c t u r a l  j o i n t s .  These s t u d i e s ,  which 

Coulbert  and Liu (37) measured 

involved aluminum, s t a i n l e s s  s teel ,  and t i t an ium j o i n t s ,  are documented 

i n  r e fe rences  38, 39, 40, 41, and 42. The r e p o r t  publ ished by Lindh 

e t  a l .  (42) w i l l  be d iscussed  more f u l l y  i n  l a t e r  paragraphs,  s i n c e  i t  

was by f a r  the  most complete s tudy up t o  t h a t  t i m e  and, i n  some r e s p e c t s ,  

s t i l l  i s .  Apparently t h i s  was the  f i r s t  t i m e  a complete a n a l y t i c a l  

t reatment  had been at tempted.  

I n  1954, Holloway (43) measured the  t r a n s i e n t  temperature d i s t r i b u -  

t i o n  i n  f i f t e e n  r i v e t e d  aluminum a l l o y  s k i n - s t r i n g e r  combinations.  He 

a l s o  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of gene ra l i z ing  t h e  i n t e r f a c e  conduc- 

tance problem. Four o t h e r  pub l i ca t ions  appeared between 1955 and 1957. 

Two of t hese  (44 and 45) d e a l t  p r imar i ly  with experimental  r e s u l t s ;  two 

(46 and 47),  with ana lyses  of  t h e  e f f e c t s  of thermal r e s i s t a n c e  on t e m -  

pe ra tu re  and stress d i s t r i b u t i o n s .  

I n  add i t ion  t o  t h e s e  e a r l y  papers ,  t h e r e  have been numerous o t h e r  

pub l i ca t ions  on t h e  sub jec t  of  mechanical- joint  thermal conductance. An 

extens ive  b ib l iography i s  a v a i l a b l e  i n  r e fe rence  19 .  Fontenot (48) 

reviewed and compiled a l a r g e  amount of t he  a v a i l a b l e  experimental  da t a  

i n  1964. Some of  t h e  information i n  h i s  r e p o r t  w i l l  be d iscussed  l a t e r .  

During the  per iod 1964-1966, t h e  r e s u l t s  of a t  l eas t  f i v e  experimental  

s t u d i e s  were publ ished (49,  50, 51, 52, 53).  Considerable  e f f o r t s  t o  
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o b t a i n  more d a t a  and b e t t e r  a n a l y t i c a l  s o l u t i o n s  are underway i n  a number 

of l a b o r a t o r i e s  a t  t he  present  t i m e .  

Severa l  r e fe rences  from t h e  l i t e r a t u r e  w i l l  now be d iscussed  i n  more 

d e t a i l  t o  provide a b a s i s  f o r  t h e  problem d e f i n i t i o n .  

1) Contact Conductance: 

A review of t h e  l i t e r a t u r e  on t h e  s u b j e c t  of  con tac t  thermal conduc- 

tance leads  t o  the  conclusion t h a t  t he re  i s  l i t t l e  p r a c t i c a l i t y  i n  the  

g r e a t  major i ty  of t h e o r e t i c a l  o r  s e m i - e m p i r i c a l  methods now a v a i l a b l e .  

I n  o t h e r  words, i t  i s  almost impossible f o r  a des igner  t o  t ake  t h i s  prob- 

lem i n t o  account without an apprec iab le  amount of t e s t i n g .  A s  an i l l u s -  

t r a t i o n  of  t h i s  p o i n t ,  four  approaches o u t l i n e d  i n  the  l i t e r a t u r e  w i l l  

be d iscussed  he re .  These are t h e  work of Fenech and Rohsenow ( 5 4 ) ,  

Centinkale  and Fishenden (55), Laming ( 5 6 ) ,  and Boeschoten and 

Van d e r  Held (57 ) .  

Fenech's and Rohsenow's approach i s  very r igo rous  and complex; i t  

agrees  w e l l  wi th  the  experimental  da t a .  Unfor tuna te ly ,  t h i s  method 

r e q u i r e s  t h a t  two recorded su r face  p r o f i l e s  of  each p l a t e  i n  con tac t  be 

made and analyzed. I n  l i e u  of making su r face  p r o f i l e s ,  one would prob- 

. ably f i n d  i t  easier t o  a c t u a l l y  measure the  c o n t a c t  conductance. 

Obviously t h i s  t h e o r e t i c a l  approach i s  not  p rac t ica l  f o r  t h e  p red ic t ion  

of con tac t  thermal conductance. The Centinkale-Fishenden and Laming 

methods, though not  so r igo rous  as t h a t  of  Fenech and Rohsenow, r e q u i r e  

l e s s  information about t h e  con tac t  su r f aces .  I n  some cases, a l l  t he  

requi red  information may be a v a i l a b l e .  Hence, t h e s e  two approaches m e r i t  

g r e a t e r  cons idera t ion  as poss ib l e  methods f o r  the  t h e o r e t i c a l  p red ic t ion  

of con tac t  conductance. Therefore ,  these  two methods, along wi th  t h a t  
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of Boeschoten and Van der Held, will be discussed in more detail. The 

approach taken by Boeschoten and Van der Held requires very little 

information about the surface properties and is nearly always applicable. 

Centinkale and Fishenden made use of Southwell’s relaxation method 

to derive a theoretical expression for the conductance of metal surfaces 

in contact. The expression which they obtained for the total conductance 

is: 

where J& is the nominal value of Meyer hardness (see Table 11-1) of  the 

, and re is one-half the average value of the softer metal, kH = 2klk2 
kl + k2 

distance between contact points. Their approximation for re was 

I 
Metal 

Cast Steel 

Uranium 

Iron 

Mild Steel 

Brass 

Aluminum Alloy 

Pure Aluminum 

Table 11-1 

NOMINAL VALUES OF MEYER HARDNESS (&) 

(11- 14) 

Centinkale and 
Fishenden (55) 

510,000 

238,000 

171,000 

151,000 

46,800 

Laming (56) 

240,000 

170.,000 

15 1 , 000 

Boeschoten and 
Van der Held ( 5 7 )  

342,000 

2 72 , 000 

203 , 000 
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where ?q and & are t h e  wavelengths of t h e  su r face  waviness o f  s u r f a c e s  

A and B, r e s p e c t i v e l y ,  and Q and 6 are c o n s t a n t s  t o  be  determined 

exper imenta l ly .  

Cent inka le  and Fishenden determined Q and 5 f o r  ground s u r f a c e s  t o  

be Q = 4.8 X lok3 and 5 = 516. These va lues  were independent of t h e  

p l a t e  m a t e r i a l  and t h e  i n t e r s t i t i a l  f l u i d .  For s u r f a c e s  f i n i s h e d  by 

o the r  methods than g r ind ing ,  d i f f e r e n t  va lues  f o r  Jr and 6 may be needed. 

Centinkale and Fishenden a l s o  found exper imenta l ly  t h a t  

- 
6 = 0 .61( iA  + i e )  (11- 15) 

where iA and ie are the  root-mean-square va lues  of su r face  i r r e g u l a r i t y  

(roughness p lus  waviness) f o r  s u r f a c e s  A and B y  r e s p e c t i v e l y .  They s t a t e  

t h a t  no change i n  % with  p res su re  was d e t e c t a b l e  up t o  800 p s i .  Since 

con tac t  po in t  conductance inc reas ing ly  predominates over f l u i d  conduc- 

tance as the  pressure  i s  inc reased ,  t h e  e f f e c t s  o f  any change i n  s on 

t h e  con tac t  conductance would become very  s m a l l .  They thus  assumed t h a t  

6 i s  c o n s t a n t .  
- 

With equat ions  11-13 and 11-14 combined and t h e  va lues  determined 

f o r  Jr and 5 i n s e r t e d ,  C, can be  w r i t t e n  as 

where 

(11- 17) 

For equat ion  11-13 t o  be used, iA)  iB , 1,) h, must be known. Values of 

iA and iB can be  approximated from t h e  s p e c i f i e d  va lues  of su r face  
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f i n i s h .  I f  t h e  s u r f a c e  f i n i s h  i s  unknown bu t  the f i n i s h i n g  process  i s  

known, l i m i t i n g  va lues  can be  f i x e d  f o r  iA and ie from Figure  11-5, 

which i s  from Graf f  (58) .  I f  the f i n i s h i n g  process  i s  g r ind ing ,  equa- 

t i o n  11-16 can be used t o  determine Ca. For o t h e r  f i n i s h i n g  p rocesses ,  

t h i s  equat ion  w i l l  a t  least provide an approximation. 

I f  va lues  f o r  LA and & are known i n  a p a r t i c u l a r  case, then equa- 

t i o n  11-16 can provide a f a i r  estimate o f  t h e  conductance due t o  t h e  

con tac t  po in t s .  I f  numerical va lues  are no t  a v a i l a b l e  (usua l ly  t h e  case 

i n  des ign ) ,  then t h i s  equat ion  i s  u s e l e s s .  An a t t e m p t  was made dur ing  

the  p re sen t  s tudy  t o  determine i f  a range o f  p o s s i b l e  va lues  f o r  wave- 

l eng th  of s u r f a c e  waviness could be f i x e d  when t h e  q u a l i t y  of s u r f a c e  

f i n i s h  and the  machining ope ra t ion  a r e  known. Apparently a c o r r e l a t i o n  

between waviness and roughness f o r  a given f i n i s h i n g  ope ra t ion  has never 

been made. The consensus o f  s e v e r a l  e x p e r t s  on metal  f i n i s h i n g  i s  t h a t  

such a c o r r e l a t i o n  i s  imposs ib le .  It i s  f e l t  t h a t  the  waviness of a 

su r face  i s  dependent on so many parameters t h a t  t h e  only way t o  o b t a i n  

i t  i s  t o  measure i t ,  

Laming (56) approaches t h e  problem of determining C, i n  a somewhat 

simpler manner than t h a t  of Cent inka le  and Fishenden, The express ion  

t h a t  he obta ined  f o r  C, i s  i d e n t i c a l  t o  equat ion  11-13. However, he 

f o u n d 6  t o  be  0 . 6 7 ( i A  + is) i n s t e a d  of 0 . 6 1 ( i A  + is), given i n  equat ion  

11-15. 
- 

This good agreement sugges ts  an average v a l u e ,  6 = 0 . 6 4 ( i A  + is) 

The express ion  der ived  by Laming f o r  Ca i s  somewhat d i f f e r e n t  from tha t  

given by equat ion  11-6. 

Following a l i n e  of i n t u i t i v e  reasoning and inco rpora t ing  experi- 

mental information on e l e c t r i c a l  c o n t a c t s  given by Holm (59) ,  Laming 

der ived  
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FIGURE 11-5 SURFACE ROUGHNESS VERSUS FINISHING PROCESS 
(Data Prepared by Graf f (58) )  



2kM (P/H)* 
Ca = 

(1 - f)(rrhA&)* 

where f i s  def ined  as t h e  c o n s t r i c t i o n  a l l e v i a t i o n  f a c t o r  
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(11- 18) 

(11- 19) 

I n  equat ions  11-18 and 11-19, he in t roduces  t h e  parameter H,  the v a l u e  

o f  t h e  Meyer hardness ,  which he assumes t o  be a func t ion  of the load .  

I n  equat ions  11-13) 11-14, and 11-16, t h e  parameter Ho was employed. 

Cent inkale  and Fishenden d id  n o t  account f o r  v a r i a t i o n  i n  metal hardness  

wi th  load.  Laming, i n  equat ion  11-18, presumably accounts  f o r  a r e p o r t e d  

v a r i a t i o n  i n  Meyer hardness  a t  small l oads  by w r i t i n g  P/H i n s t e a d  of 

P/%. He g i v e s  a dimensionless  P/H as 

(11- 20) 

where w and v are empir ical ly-determined c o n s t a n t s .  Using experimental  

d a t a  f o r  steel-aluminum, s t e e l - b r a s s )  and b r a s s - b r a s s  c o n t a c t s ,  Laming 

g ives  tu = 5280 p s i  and v = 2/3.  I t  i s  thought t h a t  t h e s e  v a l u e s  should 

be a p p l i c a b l e  when b r a s s  o r  aluminum i s  t h e  s o f t e r  of  t h e  two p l a t e s  i n  

contac t  a t  c o n t a c t  p r e s s u r e s  up t o  10 p s i .  A t  very  high loads;  i . e . ,  

P > lo" p s i ,  a v a l u e  of  v = 1 i s  expected s i n c e  a t  t h a t  po in t  t h e  nominal 

va lue  of  Meyer hardness  i s  reached. 

4 

I f  equat ions 11-17 through 11-20 are combined and t h e  r e p o r t e d  

va lues  o f  u) and v are used, Ca can be w r i t t e n  as 

3 

Ca = 1 .83  X kMPz . (11-21) 

( A k & ) * L  - 2.28 X 

A comparison of t h i s  wi th  equat ion 11-16 reveals some s i m i l a r i t y ,  b u t  
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3 - 
one s t r i k i n g  d i f f e r e n c e .  

i n  equat ion  11-16, upon F. 

a n a l y s i s  w i l l  y i e l d  an exponent f o r  P of 3 /4  and an equat ion  q u i t e  s i m i -  

I n  equat ion  11-21 ,  Ca i s  dependent upon P"; 
4 

Fontenot (48) shows t h a t  a dimensional 

lar  t o  equat ion  11-21. 

I n  t h e  work of Centinkale-Fishenden and Laming, t h e  parameter h 

appears i n  the r e s u l t i n g  equa t ions .  A s  i t  was mentioned p rev ious ly ,  t h e  

va lue  o f  t h e  wavelength of s u r f a c e  waviness i s  g e n e r a l l y  unknown. N o  

way of e s t ima t ing  i t  i s  a v a i l a b l e .  Thus, i n  most p r a c t i c a l  problems, 

equat ions  11-16 and 1 1 - 2 1  w i l l  be  o f  l i t t l e  use .  For determining C, 

when h i s  unknown, a very  s i m p l e ,  s e m i - e m p i r i c a l  approach developed by 

Boeschoten and Van de r  Held (57) i s  presented  below. 

Using i n t u i t i v e  reasoning and an e s t ima t ion  of s i z e  and number 

d e n s i t y  of con tac t  s p o t s ,  Boeschoten and Van de r  Held der ived  an expres- 

s ion  f o r  C,. Their express ion  f o r  C, i s  i n  r e a l i t y  an approximation of 

t h a t  g iven  by Cent inka le  and Fishenden. 

approximate t h e  a rc- tangent  t e r m  i n  equat ion  11-13 wi th  n/2. 

Boeschoten and Van der  Held 

Th i s ,  how- 

e v e r ,  i s  no t  t h e  only s impl i fy ing  assumption. Others must be  made t o  

e l imina te  the  dependence upon A .  

A s  i t  was b e f o r e ,  t h e  t o t a l  c o n t a c t  conductance i s  w r i t t e n  C, + C a ;  

C, i s  given as &/?. The va lues  o f  s, repor t ed  i n  t h e  same re fe rence  

f o r  a i r ,  hydrogen, and helium are: 

The average va lue  o f  x, found t o  be 0 .64 ( iA  + i, ) , i s  i n  e x c e l l e n t  agree- 

ment with the va lues  found by Centinkale and Fishenden and Laming. 

apparent dependence of s upon t h e  f l u i d ,  r epor t ed  by Boeschoten and 

Van de r  Held, was no t  found i n  t h e  o t h e r  two i n v e s t i g a t i o n s  (55 and 56) ,  

The 
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i n  which the  i n t e r f a c e  f l u i d s  were a i r ,  g l y c e r o l ,  water, and s p i n d l e  

o i l .  

The s i m p l i f i e d  express ion  f o r  C, given by Boeschoten and Van derHeld 

i s  

a 
(11-22) 

where a i s  the  average r a d i u s  of t h e  con tac t  s p o t s .  An approximate va lue  

f o r  a determined by Boeschoten and Van der  Held i s  1.2 X inches .  They 

r e p o r t  t h a t  the  va lue  of a does not  depend upon t h e  m a t e r i a l s  of which 

t h e  con tac t s  a r e  made o r  t he  con tac t  p re s su re .  This  i s  i n  agreement with 

Holm ( 5 9 ) .  

i r o n ,  and uranium con tac t s  a t  p ressures  of 498 and 1000 p s i .  I f  t h i s  

average value of  2 is i n s e r t e d  i n t o  equat ion 11-22, C, can be expressed 

simply as 

Boeschoten and Van de r  Held conducted t e s t s  wi th  aluminum, 

(11- 23) P C, = 8.8 X lo-* kw ~0 . 

Since a l l  t he  terms i n  t h i s  equat ion  a r e  known q u a n t i t i e s ,  an approxima- 

t i o n  f o r  C, may be obta ined .  I f  equa t ion  11-23 i s  combined with the  

previous expression f o r  C, 

C, can be w r i t t e n  as 

[k , /0 .64 ( iA  + i e ) ]  a working express ion  f o r  

(11- 24) 

I n  l i e u  of  equat ion 11-24 o r  one of  the  more complex express ions ,  

one can go t o  the  l i t e r a t u r e  and a t t e m p t  t o  use experimental  d a t a .  This  

can be done i n  many c a s e s ,  bu t  t he  end r e s u l t s  i s  n o t  o f t e n  s a t i s f a c t o r y  

because of  t he  wide divergence of  experimental  r e s u l t s .  This  divergence 

i s  most apparent  i n  t h e  experimental  d a t a  compiled by Minges (20) and 

Fontenot (48 ) .  
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Fontenot o u t l i n e s  a recommended approach t o  estimate t h e  thermal 

conductance of  c o n t a c t s  when l i m i t e d  information i s  a v a i l a b l e .  He 

rewrites equat ion  11-24 as 

(11-25) 

where n i s  t h e  number of  con tac t  s p o t s  per  u n i t  area. This  equa t ion ,  

combined with F igures  11-6 and 11-7 (which are taken from re fe rence  48) ,  

a l lows one t o  ob ta in  very simply an estimate of  C, when the  R.M.S. va lue  

of su r f ace  roughness and kM are known. This estimate should prove use- 

f u l  whenever experimental  da t a  i s  not  a v a i l a b l e .  To employ t h i s  method 

one must know the  parameters P A  , Pe , k M ,  kf , P ,  and Tf - - a l l  of which a r e  

gene ra l ly  known. 

2)  J o i n t  Conductance: 

Some of t he  work done i n  t h i s  a r e a  was b r i e f l y  d iscussed  i n  a pre-  

v ious  s e c t i o n  of t h i s  chap te r .  To provide a b a s i s  f o r  the  problem d e f i -  

n i t i o n  which w i l l  fo l low,  a d e t a i l e d  d iscuss ion  of some of t h e  publ ished 

work i s  necessary .  The work of Lindh e t  a l .  (42) and Fernlund ( 6 0 )  w i l l  

be d iscussed  a t  length  because t h e i r s  were t h e  only two concerted 

a t t e m p t s  t o  approach t h e  problem a n a l y t i c a l l y  from b a s i c  elements.  

I n  an ear l ie r  p a r t  of t h i s  chap te r ,  t h e  mechanisms of i n t e r f a c i a l  

hea t  t r a n s f e r  were d iscussed .  These mechanisms p lay  a p a r t  i n  t he  hea t  

t r a n s f e r  ac ross  a c t u a l  mechanical j o i n t s  j u s t  as they  do i n  the  case of  

c o n t a c t s .  There i s  a major d i f f e r e n c e ,  however, between t h e  con tac t  

thermal conductance problem and t h e  j o i n t  thermal conductance problem. 

For c o n t a c t s ,  t he  t o t a l  conductance i s  due t o  t h a t  o f  the  f l u i d  i n  t h e  

i n t e r f a c e  ( i f  any) and t h e  con tac t  po in t s ;  f o r  j o i n t s ,  t h e  con tac t  po in t  

conductance, when a f l u i d  i s  p re sen t ,  i s  of  lesser importance. This  i s  
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due t o  t h e  l a r g e r  i n t e r f a c e  gap th i ckness  i n  a c t u a l  j o i n t s .  When no 

f l u i d  i s  present  i n  the  in t e r f ace , .  t h e  problem reduces ,  i n  most cases, 

t o  determining t h e  apparent  area of con tac t .  

I n  c o n t a c t s ,  t h e  area of apparent  con tac t  i s  w e l l  de f ined ,  a l though 

t h e  number of con tac t  po in t s  i s  n o t .  On t h e  o t h e r  hand, t h e  determina- 

t i o n  of  t h e  con tac t  area i n  j o i n t s  i s  a major problem. For c o n t a c t s ,  

an estimate of t h e  i n t e r f a c e  gap th i ckness  can be obta ined  from a know- 

ledge of t he  R.M.S. va lue  of s u r f a c e  roughness.  For j o i n t s ,  t h i s  i s  not  

poss ib l e  because of  su r face  d e f l e c t i o n s  caused by stresses se t  up i n  the  

j o i n t  members by the  f a s t e n e r  load.  These d e f l e c t i o n s  are gene ra l ly  

much l a r g e r  than the  su r face  i r r e g u l a r i t i e s  and must be taken i n t o  

account.  

Before 1957, no r e p o r t  of an at tempt  t o  determine the  i n t e r f a c e  gap 

th ickness  of an a c t u a l  j o i n t  appeared i n  t h e  l i t e r a t u r e .  I n  t h a t  y e a r ,  

t he  work of  Lieb and coworkers (42) was publ ished.  Lieb considered the  

case  of  a r i v e t e d  l a p  j o i n t  ( I l l u s t r a t i o n  11-3). To p e r m i t  t he  problem 

t o  be handled mathematical ly ,  Lieb employed a s i m p l i f i e d  conf igu ra t ion ,  

which i s  shown i n  I l l u s t r a t i o n  11-4. H e  then proceeded t o  der ive  equa- 

t i o n s  f o r  t h i s  phys ica l  model t o  p r e d i c t  t h e  magnitude of t he  p l a t e  

d e f l e c t i o n ,  "w", as a func t ion  of  r f o r  two d i f f e r e n t  end cond i t ions .  

I n  one case, he assumed t h a t  t he  p l a t e s  were f r e e  a t  t h e  ends; i n  t h e  

o t h e r ,  t h a t  t h e  slopes of  t h e  p la tes  were zero  a t  t he  ends.  The equa- 

t i o n s  given by Lieb (42) are 

f o r  the f r e e  p l a t e ,  and 
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ILLUSTRATION 11-3 ILLUSTRATION 11-4 
Two-Dimensional Riveted L ieb ' s  S impl i f ied  Model 
Lap J o i n t .  of t he  J o i n t  - Circu la r  

Symmetry Assumed .) 

olOro 4 [ .":, (%)I[' - 2 + In (~~ (11-27) w = -  - - -  
2 R" 16D m + 4 

f o r  t he  r e s t r a i n e d  p l a t e ;  where 

2 
and m = Eb3 D =  

12(1  -- !.ha) 

Lieb assumed t h a t  O h ,  t he  normal stress exe r t ed  by t h e  b o l t  o r  r i ve t  

head, i s  uniform over t h e  e n t i r e  zone of a p p l i c a t i o n  and that  t h e  stress 

d i s t r i b u t i o n  of  t h e  r e a c t i o n  on t h e  i n t e r f a c e  p lanes  can be w r i t t e n  as 

01 = 010 [1 - (:TI. He eva lua ted  Ob and m from Sneddon (61), who 

t r e a t e d  the  case of  a s i n g l e ,  symmetrically 'loaded t h i c k  p l a t e .  

v a r i a b l e s  rO/rh, m, and O b / O , ,  as determined by Lieb ,  are p l o t t e d  as 

func t ions  of  rh /b  i n  F igure  11-8. 

The 
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FIGURE 11-8 LIEB'S INTERFACE STRESS DISTRIBUTION 
PARAMETERS 
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Lieb performed one experiment wi th  two c i r c u l a r  p l a t e s  8 inches  i n  

diameter and1/16  inches  t h i c k .  They were b o l t e d  toge the r  through t h e  

c e n t e r  by a No. 10-32 socket-head steel b o l t  and nu t  wi th  two washers. 

He r epor t ed  t h a t  t h e  r e s u l t s  of t h i s  one tes t  were wi th in  30 percent  of  

t he  d e f l e c t i o n  va lue  p red ic t ed  by h i s  theory .  However, no f u r t h e r  d a t a  

was presented  t o  support  h i s  theory .  

I n  r e fe rence  42, t he  r e s u l t s  of  Lindh's experiments t o  determine 

the  i n t e r f a c e  gap between a c t u a l  r i v e t e d  l a p  j o i n t  specimens are given.  

Lindh conducted these  tes ts  t o  determine the  v a l i d i t y  of an a n a l y t i c a l  

technique which would p r e d i c t  t h e  temperature d i s t r i b u t i o n  through, and 

t o t a l  conductance o f ,  a r i v e t e d  l a p  j o i n t .  The p red ic t ed  j o i n t  conduc- 

tances  agreed with h i s  experimental  measurements wi th in  3 t o  2 5  percent .  

Since t h e  a n a l y t i c a l  t reatment  i s  dependent upon the  measured va lues  of  

i n t e r f a c e  gap th i ckness ,  approximate co r rec tness  of  t he  experimental  

va lues  of gap th ickness  i s  impl ied .  Lieb does no t  r e p o r t  any a t t e m p t  t o  

apply h i s  p l a t e  d e f l e c t i o n  theory t o  these  r i v e t e d  samples. 

Because one experiment i s  no t  conclusive proof of t h e  v a l i d i t y  o f  a 

t h e o r e t i c a l  method, f u r t h e r  v e r i f i c a t i o n  was sought by the  au thor .  Cor- 

r e l a t i o n s  between t h e  experimental  va lues  of gap th ickness  r epor t ed  by 

Lindh and t h e  va lues  determined from equat ions  11-26 and 11-27 were 

at tempted.  I n  a l l  cases t h e  c a l c u l a t e d  va lues  were a t  l e a s t  one order  

of magnitude smaller. This  comparison i s  shown i n  Table 11-2. A s  a 

f u r t h e r  check, t h e  gap th icknesses  were c a l c u l a t e d  f o r  r i v e t e d  j o i n t s  

given i n  o t h e r  r e fe rences .  

nesses  obtained i n d i r e c t l y  from j o i n t  conductance d a t a .  Again, t h e  gap 

These were then compared t o  the  gap th i ck -  

th icknesses  c a l c u l a t e d  wi th  equat ions 11-26 and 11-27 were much smaller 

than those  obta ined  from t h e  j o i n t  conductance d a t a .  
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UCLA 
Specimen 
Number 

14 

2 1  

22 

23 

27 
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Average I n t e r f a c e  Gap - lCr3 i n .  

Experimental Equations Equations 
Value 11-26 & 11-27 11 -33  & 1 1 - 3 4  

3.6 0.11 1 .45  

5 .O 0.22 5 .94  

1 . 8  0 .11 1 .45  

1.4 0 . 0 4  0 .32  

2 . 7  . 0 . 0 3  0 .32  

Table 11-2  

COMPARISON OF VALUES FOR AVERAGE INTERFACE GAP 

Subsequent t o  L ieb ' s  work ( 4 2 ) ,  which was based on a theory of 

Sneddon (61) ,  c a l c u l a t i o n s  were c a r r i e d  ou t  by Fernlund (60) t o  determine 

t h e  i n t e r f a c e  stress d i s t r i b u t i o n  between b o l t e d  o r  r i v e t e d  p l a t e s .  

Fernlund assuming a uniform load d i s t r i b u t i o n  on p l a t e s  of i n f i n i t e  

ex tens ion ,  c a r r i e d  o u t  an exac t  mathematical a n a l y s i s  f o r  one sample case  

( I l l u s t r a t i o n  11-5).  H i s  c a l c u l a t e d  i n t e r f a c e  stress d i s t r i b u t i o n  f o r  

t h i s  conf igu ra t ion  i s  shown i n  F igure  11-9. Fernlund r e s t r i c t e d  h i s  

numerical work t o  t h i s  one sample problem due t o  the complexity o f  t h e  

a n a l y s i s .  However, he proposed an approximate method t o  provide an e s t i -  

mate o f  t h e  i n t e r f a c e  stress without t h e  t ed ious  e x a c t  a n a l y s i s .  By com- 

par ing  the  r e s u l t s  of t h e  exac t  and approximate methods f o r  the sample 

caze, he a l s o  demonstrated the appropr i a t eness  of t h e  approximate method. 

It involves  t h e  r ep resen t ing  of  t h e  i n t e r f a c e  stress, oI(r), by a four th-  

o rde r  polynomial, which i s  w r i t t e n  

= vp4 + wp3 + xp2 + YP + z (11- 2 8 )  
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SAMPLE PROBLEM IN ILLUSTRATION 11-5 
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where P = r/r, and t h e  cons t an t s  are given by: 

x = 2P0(Po + 2)V 

Y = -4pov a 

(11-29) 

It can be seen from equat ion  11-29 t h a t  t he  va lues  of a l l  t he  poly- 

nomial c o e f f i c i e n t s  a r e  func t ions  of  Po. Out o f  c u r i o s i t y ,  t he  author  

evaluated these  c o e f f i c i e n t s ,  us ing  equat ion 11-29,  f o r  f i v e  of  t h e  UCLA 

r i v e t e d  specimens. 

t i o n s  11-28 and 11-29 f o r  two extreme cases, i s  p l o t t e d  i n  Figure 11-10. 

A s  expected, t he  va lue  of Po has cons iderable  in f luence  on the  i n t e r f a c e  

stress d i s t r i b u t i o n .  From Fern lund ' s  work (60) ,  an express ion  f o r  Po 

can be w r i t t e n  as 

The i n t e r f a c e  stress,  OI(P), determined from equa- 

Po  = (1.09b + rh)/r, . (11-30) 

Lieb (42 ) ,  Sneddon (61 ) ,  and Coker and F i lon  (62) g ive  an approximate 

va lue  of  1 . 3 ,  i n s t e a d  of 1.09, €or  t h e  c o e f f i c i e n t  of  b .  For a p l a t e  

th inner  than  those  considered by t h e  o t h e r  i n v e s t i g a t o r s ,  Aron and 

Colombo (63) found a va lue  of  1 . 7  f o r  t h e  c o e f f i c i e n t  of b .  Obviously, 

the  va lue  s e l e c t e d  f o r  t h i s  c o e f f i c i e n t  w i l l  d i r e c t l y  a f f e c t  t h e  calcu-  

l a t e d  p l a t e  d e f l e c t i o n  i n  any a n a l y s i s .  

To determine i f  t he  assumed stress d i s t r i b u t i o n  on t h e  i n t e r f a c e  

might be r e spons ib l e  f o r  t h e  poor agreement between t h e  p l a t e  d e f l e c t i o n s  

c a l c u l a t e d  from h i s  theory and those  experimental ly  measured, t he  au thor  
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so lved  L ieb ' s  b a s i c  (42) d i f f e r e n t i a l  equat ion .  Equations 11-38 and 

11-39 were used f o r  the i n t e r f a c e  stress i n s t e a d  of the equat ion  (Fig- 

u r e  11-8) used by L ieb .  The two r e s u l t i n g  lengthy equa t ions  f o r  w,  n o t  

given h e r e ,  are a v a i l a b l e  i n  r e f e r e n c e  48. From these  two equa t ions ,  

average va lues  o f  i n t e r f a c e  gap th i ckness  were ob ta ined  f o r  t h e  same 

f i v e  UCLA specimens mentioned previous ly .  

determine pa. 

theory y i e lded  nega t ive  d e f l e c t i o n s .  I n  a l l  ca ses  t h e  computed de f l ec -  

t i o n s  were much smal le r  than  the  r epor t ed  experimental  va lues .  

Equation 11-30 was used t o  

For va lues  o f  PO less than 2.35, Fern lund ' s  approximate 

I n  both  L ieb ' s  and Fern lund ' s  ana lyses ,  t he  assumption i s  made t h a t  

t h e  normal compressive stress under t h e  f a s t e n e r  head i s  uniform. The 

two au tho r s  show good c o r r e l a t i o n  between theory and experiment f o r  

i d e a l i z e d  tes ts  i n  which e f f o r t s  were made t o  approach a uniform stress. 

However, e i t h e r  o f  t h e i r  t h e o r e t i c a l  ana lyses  when app l i ed  t o  p l a t e s  

f a s t ened  by round-head r i v e t s ,  r e s u l t s  i n  p l a t e  d e f l e c t i o n  va lues  that  

a r e  much too  small. I n t u i t i v e l y ,  i t  seems unreasonable t o  expec t  uniform 

s t r e s s  under a round-head b o l t  o r  r i v e t .  c 

To i n v e s t i g a t e  how the  assumption of a d i f f e r e n t  stress d i s t r i b u t i o n  

would m a t e r i a l l y  a f f e c t  t h e  form o f  equat ions  11-26 and 11-27, t h e  au thor  

assumed an expression f o r  (Th(r) and one fo r  OI(r) t h a t  i s  s t a t i c a l l y  

c o n s i s t e n t  wi th  O h ( r ) .  To avoid a b l i n d  guess f o r  the d i s t r i b u t i o n  o f  

Oh, the  phys ica l  p i c t u r e  o f  t h e  j o i n t  was cons idered .  Since t h e  f a s t e n e r  

head i s  rounded ( I l l u s t r a t i o n  11-3), t h e  normal compressive stress was 

assumed t o  vary  from zero  a t  t h e  edge of t he .head  t o  a maximum a t  t h e  

shank. To o b t a i n  a stress d i s t r i b u t i o n  a t  the i n t e r f a c e ,  the va lue  of 

rff was assumed t o  be given by 

ra = r h  + qb (11- 31) 
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where 11 ranges from 1.3 t o  1 . 7 ,  depending upon the p l a t e  t h i ckness .  

following a r b i t r a r y  c r i t e r i o n  was used: 

The 

b = 0.031 7 = 1.7 

b = 0.062 *rl = 1.5 

b = 0.133 l'l = 1 . 3  

Along wi th  t h i s ,  0 h ( r )  and GI(') were pos tu l a t ed  t o  be l i n e a r  func t ions  

o f  r s p e c i f i e d  by 

Qh(r) = o h o ( '  - r / r h )  

oI(r) = 0 ~ ( 1  r/rO) . 

For s t a t i c  equ i l ib r ium,  t h e  t o t a l  fo rce  due t o  a h  must be equa l  t o  t h e  

t o t a l  fo rce  due t o  01. Thus, Q 1 ~ / 0 h ~  = rh/rO, o r  

(11- 32) 

With these  assumed stress d i s t r i b u t i o n s  inc luded ,  L i e b ' s  b a s i c  d i f f e r -  

e n t i a l  equa t ions  were so lved  aga in .  The following d e f l e c t i o n  equat ions  

were obtained: 

f o r  t h e  f r e e  p l a t e ,  and 

a 

w r -  (11- 34) 16D 

f o r  t h e  r e s t r a i n e d  p l a t e .  

The d e f l e c t i o n s  f o r  t he  f i v e  UCLA s p e c i k n s  were r e c a l c u l a t e d  us ing  

equat ions  11-33 and 11-34. The va lues  obta ined  f o r  t h e  average i n t e r f a c e  

gap are g i v e n , i n  t h e  l as t  column of Table 11-2. From t h i s  t a b l e  one can 
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see t h a t  cons iderable  improvement i n  t h e  expe r imen ta l - theo re t i ca l  

c o r r e l a t i o n  can be obta ined  i f  a d i f f e r e n t  a p p l i e d - s t r e s s  d i s t r i b u t i o n  

i s  assumed. 

Note t h a t  t he  v a l i d i t y  o f  t h e  assumptions made f o r  equat ions  11-33 

and 11-34 has  n o t  been demonstrated here. 

show the  importance of  t he  (Jh(r) d i s t r i b u t i o n .  

The r e s u l t s  s e rve  only t o  

\ 

D .  Problem Def in i t i on  

From t h e  preceding d iscuss ion  i t  i s  c l e a r  t h a t  p re sen t ly  t h e r e  i s  

no adequate way t o  sys t ema t i ca l ly  p r e d i c t  t he  thermal conductance of 

b o l t e d  o r  r i v e t e d  j o i n t s .  The only a v a i l a b l e  approach i s  experimentation. 

Much experimental  information i s  needed and a comprehensive a n a l y s i s  must 

be performed i n  order  t o  develop a r e l i a b l e  method of p r e d i c t i n g  the  h e a t  

t r a n s f e r  ac ross  a b o l t e d  j o i n t .  

To p r e d i c t  the  thermal conductance of a b o l t e d  j o i n t ,  one must con- 

s i d e r  t h e  va r ious  modes of h e a t  t r a n s f e r  and def ine  t h e  area of t h e  j o i n t  

over which these  modes are s i g n i f i c a n t .  A s  i t  was previous ly  shown, 

r a d i a t i o n  and convect ion ac ross  the  i n t e r f a c e  gap usua l ly  can be  neglec ted  

t o  s impl i fy  the  problem. I n  such cases, t h e  problem reduces e s s e n t i a l l y  

t o  determining t h e  area of t he  con tac t  zone, t he  stress d i s t r i b u t i o n  i n  

t h e  zone, and the  width of t h e  i n t e r s t i t i a l  gap o u t s i d e  t h e  con tac t  zone. 

The work descr ibed  i n  t h e  fol lowing chap te r s  was an at tempt  t o  

develop a pract ical  a n a l y t i c a l  method and t o  fu rn i sh  a base f o r  t h e  sys- 

tematic development of a more comprehensive method. 

t i v e  w a s  t h e  development of an a n a l y t i c a l  technique which w i l l  adequately 

The primary objec- 

p r e d i c t  t h e  thermal conductance of  c e r t a i n  types  of  b o l t e d  j o i n t s  and the  
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experimental  v e r i f i c a t i o n  of  t h i s  technique.  The experimental  i nves t iga -  

t i o n  of t h e  normal stress d i s t r i b u t i o n  under bo l theads ,  and the  theo- 

r e t i ca l  and experimental  i n v e s t i g a t i o n  of t h e  d e f l e c t i o n  of b o l t e d  p l a t e s  

due t o  b o l t  loads  were secondary o b j e c t i v e s .  

The work r epor t ed  he re  w a s  made up of t h e  fol lowing t a s k s  which are 

l i s t e d  i n  the  o rde r  t h a t  they  are d iscussed  i n  the  fol lowing chap te r s .  

(1) Experimental determinat ion of  t he  normal stress d i s t r i b u t i o n  

under round- and f la t -headed  b o l t s .  

( 2 )  Development of an improved t h e o r e t i c a l  method t o  p r e d i c t  t he  

d e f l e c t i o n  of j o i n t  members due t o  non-uniform f a s t e n e r  loads .  

(3)  Measurement o f  t h e  stress d i s t r i b u t i o n  i n  t h e  i n t e r f a c e  between 

two bo l t ed  p l a t e s  and the  a rea  of apparent  con tac t .  

( 4 )  Development of an a n a l y t i c a l  method t o  p r e d i c t ,  from l imi t ed  

informat ion ,  the  thermal conductance i n  c e r t a i n  types of  bo l t ed  

j o i n t s .  

(5) Measurement of t he  temperature d i s t r i b u t i o n  i n  two bo l t ed  

j o i n t s  t o  'ver i fy  the  a n a l y t i c a l  method. 
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CHAPTER I11 

EXPERIMENTAL INVESTIGATION 
OF NORMAL STRESS DISTRIBUTION UNDER BOLTHEADS 

The e f f e c t  o f  t h e  normal stress d i s t r i b u t i o n  under a bol thead  on 

t h e  d e f l e c t i o n  of b o l t e d  p la tes  was d iscussed  i n  Chapter 11. 

i n g  t h e  d e f l e c t i o n  of j o i n t  members due t o  the  f a s t e n i n g  stresses, both  

Lieb (42) and Fernlund (60) assumed a uniform stress under t h e  f a s t e n e r  

head. A l i t e r a t u r e  sea rch  revea led  no information concerning t h e  a c t u a l  

p re s su re  d i s t r i b u t i o n  under t h e  head of a f l a t -  ( f i l l i s t e r )  head o r  a 

round- (but ton)  head b o l t .  An experimental  program was undertaken t o  

confirm o r  r e f u t e  the  assumption of a uniform stress under a f l a t -head  

b o l t  and ob ta in  information on the  p re s su re  d i s t r i b u t i o n  under a round- 

head b o l t .  

I n  analyz-- 
c 

The i n i t i a l  p lan  inc luded  an i n v e s t i g a t i o n  of t h e  pressure  d i s t r i -  

b u t i o n  under two 1-inch f i l l i s t e r - h e a d  b o l t s ,  two 318-inch round-head 

b o l t s ,  one 5/8-inch button-head b o l t ,  and one 1- inch  button-head b o l t .  

A l l  t he se  are shown i n  F igure  111-1 along wi th  1- inch  and 518-inch n u t s  

t h a t  were a l s o  t o  have been s t u d i e d .  Experimental d i f f i c u l t i e s  prevented 

a d e t a i l e d  s tudy  o f  a l l  b u t  t he  1-inch b o l t s  shown, as o r i g i n a l l y  f a b r i -  

c a t e d ,  i n  F igures  111-2 and 111-3. A l l  t h e  b o l t s  and n u t s ,  were AIS1 

C1020 steel .  The experimental  program cons i s t ed  o f  two d i f f e r e n t  methods 

o f  i n v e s t i g a t i o n .  The f i r s t  involved a study o f  t h e  pene t r a t ion  o f  o i l  

under the bol theads  when t h e  b o l t s  were f a s t ened  t o  a p l a t e  and t h e  

assembly soaked i n  o i l .  The second p a r t  o f  t h e  program involved the 

d i r e c t  measurement o f  the p r e s s u r e  d i s t r i b u t i o n  under t h e  bo l theads .  

Both par ts  of the experimental  program and the r e s u l t s  ob ta ined  are 

d iscussed  i n  t h e  following paragraphs. 
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FIGURE I-INCH BUTTON-HEAD BOLT, NUT, AND 
111-2 FILLISTER HEAD BOLT(N0TE HOLES) 

FIGURE I -  INCH FILLISTER- HEAD BOLTS 
111-3 
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A .  O i l  Pene t r a t ion  

I n  s tudying t h e  i n t e r f a c e  stress d i s t r i b u t i o n  between b o l t e d  p la tes  

and the  d e f l e c t i o n  of  t hese  plates ,  Fernlund ( 6 0 ) ,  i n  a few tests,  soaked 

a bo l t ed  j o i n t  i n  pene t r a t ing  o i l  and observed t h e  o i l  pene t r a t ion  d i s -  

tance  between t h e  p l a t e s  as a func t ion  of  t i m e .  He i n d i c a t e s  t h a t  t h e  

r e s u l t s  were inconclus ive .  

This  use of  pene t r a t ing  o i l  t o  i n v e s t i g a t e  the  e x t e n t  of  i n t e r f a c e  

stress was adopted f o r  t h e  present  s tudy t o  determine whether t h e  normal 

s t r e s s e s  between bol theads  and p la tes  extended t o  t h e  edges of t h e  

bol theads .  

1) O i l  Pene t r a t ion  Resul t s :  

The f i r s t  tests involved a 1- inch button-head b o l t  fas tened  t o  

e i t h e r  a 304 s t a i n l e s s  s t e e l  o r  a 7075ST aluminum p l a t e .  Both p la tes  

were 0 .625  inches t h i c k  (Figure 111-4).  The b o l t  was t igh tened  with a 

Pro to  to rque  wrench wi th in  f 3 percent  of a given torque .  The same 

wrench was used i n  a l l  following experiments .  Af t e r  t h e i r  assembly, t he  

b o l t ,  p l a t e ,  and nut  were placed i n  a ba th  of pene t r a t ing  o i l  f o r  a 

p r e s e t  per iod  of t i m e .  Care was taken t o  prevent t he  o i l  from e n t e r i n g  

the  s m a l l  i n j e c t i o n  ho le s  t h a t  had been d r i l l e d  i n  t h e  bol thead.  

Af t e r  removal from the  o i l  ba th ,  t h e  b o l t  was c a r e f u l l y  loosened 

and removed from the  p l a t e  f o r  measuring the  d i s t a n c e  o f  o i l  pene t r a t ion .  

This pene t r a t ion  could be seen on both t h e  bol thead  and t h e  p l a t e ,  bu t  

i t  was more e a s i l y  measured on the  bol thead .  

A t o t a l  o f  6 4  tes ts  on both an aluminum,and a s t a i n l e s s  s teel  p l a t e  

were done wi th  two d i f f e r e n t  1- inch button-head b o l t s .  The f a s t en ing  

torque w a s  v a r i e d  from 40 foot-pounds t o  150 foot-pounds ( t h e  maximum 
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f o r  t he  p a r t i c u l a r  wrench); t h e  soak t i m e  was v a r i e d  from 10 seconds t o  

40 minutes ,  The r e s u l t s  are p l o t t e d  i n  Figure 111-5. 

It was concluded t h a t  t h e  pene t r a t ion  d i s t a n c e  was unaf fec ted  by 

t h e  soak t i m e  and n e i t h e r  a material  o r  torque e f f e c t  was ev iden t .  

Apparently,  t h e  bol theads  were o f f e r i n g  p r a c t i c a l l y  no r e s i s t a n c e  t o  - 

pene t r a t ion  near  t h e i r  p e r i m e t e r ,  b u t  very  g r e a t  r e s i s t a n c e  0.15 t o  0.20 

inches i n s i d e  t h e i r  p e r i m e t e r .  The normal stress apparent ly  was low near  

t he  head p e r i m e t e r s  and much h igher  0.15-0.20 inches  from the  perimeters. 

. 

Simi lar  tes ts  wi th  p e n e t r a t i n g  o i l  were c a r r i e d  o u t  with two 1- inch 

f i l l i s t e r - h e a d  b o l t s  (Figure 111-3) wi th  a 1- inch heavy-duty nut  (Fig- 

u re  111-2) and a 5/8- inch button-head b o l t  (Figure 111-1). The r e s u l t s  

a r e  p l o t t e d  i n  Figure 111-6. 

Again, t h e  pene t r a t ion  d i s t ance  did not  vary  with the  soak t i m e .  

Because no pene t r a t ion  was noted on the  1 - inch , th i ck  f i l l i s t e r - h e a d  b o l t ,  

t h e  normal stress was apparent ly  q u i t e  h igh  a t  t h e  head p e r i m e t e r .  The 

5/8-inch button-head b o l t  allowed pene t r a t ion  t o  about 0.14 inches .  

This  d i s t ance  i s  80 percent  of  t h e  average (0.175 inches)  found f o r  the  

1- inch diameter button-head b o l t .  One might surmise from l i n e a r  s c a l i n g  

t h a t  the  d i s t ance  probably should be c l o s e r  t o  60 percent  of  t he  d i s t a n c e  

measured f o r  t h e  1-inch b o l t .  The average pene t r a t ion  under the  nu t  was 

very s m a l l ,  only 0.040 inches,and can be neglec ted  f o r  most nu t s  without  

apprec iab le  e r r o r .  

2) O i l  Pene t r a t ion  Resu l t s  with Gasket: 

I n  ob ta in ing  t h e  above d a t a ,  t h e  g r e a t e s t  d i f f i c u l t y  was v i s u a l  

i n t e r p r e t a t i o n  of  t he  depth of  r a d i a l  o i l  pene t r a t ion .  Fernlund (60) 

suggested t h e  blowing of lycopodium powder over the  wetted su r faces  t o  
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make t h e  wet ted reg ion  more v i s i b l e .  This  procedure w a s  t r i e d  bu t  was 

not  u s e f u l .  

was decided t h a t  a t h i n  s h e e t  o f  f i l t e r  p a p e r  placed between t h e  bol thead  

To provide a more c l ea r ly -de f ined  reg ion  of  pene t r a t ion ,  i t  

and the  p l a t e  would n o t  d i s t u r b  t h e  stress d i s t r i b u t i o n  apprec iab ly .  A 

foreseen drawback i n  t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a  as a func t ion  of  soak 

t i m e  was e l imina ted  by proper c a l i b r a t i o n  of  the  f i l t e r  p a p e r .  

Two brands of chemical f i l t e r  paper were i n v e s t i g a t e d  t o  dec ide  on 

t h e  gasket  material between t h e  bol thead  and t h e  p l a t e .  

(made i n  England); t he  o t h e r ,  Reeve Angel (made i n  the  U . S . ) .  Both 

brands come i n  mul t ip l e  grades  o r  types .  From numerous t es t s ,  i t  was 

found t h a t  t he  Reeve Angel paper d i d  not  provide c o n s i s t e n t  r e s u l t s ;  the  

Whatman p a p e r  y i e lded  good r e s u l t s .  Af t e r  f u r t h e r  tests of s e v e r a l  

Whatman papers ,  Whatman N o .  5 was chosen. 

One was Whatman 

I n i t i a l l y ,  t he  tests wi th  the  f i l t e r  pape r  were performed with pene- - 
t r a t i n g  o i l ,  bu t  a f l u i d  of lower v i s c o s i t y  seemed d e s i r a b l e .  Upon t h e  

recommendations of a r e p r e s e n t a t i v e  from Mobil O i l ,  two types of d i e s e l  

f u e l  were t r i e d  o u t .  Esso Diesel 260 was chosen. I ts  s p e c i f i c  g r a v i t y  

w a s  0.8493 and i t s  v i s c o s i t y ,  3.39  X l(r7 reyns.  

For c a l i b r a t i n g  t h e  o i l  pene t r a t ion  r a t e ,  two methods were t r i e d .  

I n  t h e  f i r s t ,  wi th  the  paper gaske t  between the  bol thead  and p l a t e ,  t h e  

assembly was made "hand t igh t "  and placed i n  t h e  d i e s e l  f u e l  f o r  a pre- 

determined per iod  o f  t i m e .  However, even f o r  per iods  o f  t i m e  less than . 

f i v e  seconds,  t he  gaske t  became completely soaked. This ind ica t ed  an 

extremely r a p i d  wet t ing  of  t he  gaske t  between the  bol thead  and t h e  p l a t e  

when unimpeded by p res su re  fo rces .  

To e s t a b l i s h  a lower bound fo r  t he  wet t ing  t i m e ,  a s t r i p  of t h e  

paper was suspended v e r t i c a l l y  above the  f u e l  o i l  with a s h o r t  l ength  
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immersed. The wetted he igh t  as a func t ion  of t i m e  w a s  found t o  be 

r e a d i l y  dup l i ca t ed .  

normal stress e x i s t e d  nea r  t h e  p e r i m e t e r  o f  a bo l thead ,  t h a t  reg ion  

The conclusion was t h a t  i f  a reg ion  of very  low 

should e x h i b i t  a penetrat ion-versus- t ime curve somewhere between t h e  

in s t an t -we t t ing  and free-suspension cases. The curve f o r  pene t r a t ion  - 

versus  t i m e  p l o t t e d  f o r  t h e  1- inch button-head b o l t  d i d  f a l l  between the  

two l i m i t s ;  t h a t  f o r  t h e  1- inch f i l l i s t e r - h e a d  b o l t  d i d  n o t .  

- 

I n  54 tests wi th  a 1- inch button-head b o l t  torqued t o  a 5/8-inch 

p l a t e  (Whatman N o .  5 f i l t e r  p a p e r  gaske t ) ,  the  o i l  pene t r a t ion  as a func- 

t i o n  o f  soak t i m e  was measured f o r  to rques  of 40, 60, 75 ,  and 120 foot-  

pounds. From the  r e s u l t s  (shown i n  Figure 111-7) i t  i s  obvious t h a t  a 

d r a s t i c  change i n  pene t r a t ion  ra te  occurs  a t  a l l  torque va lues  0.15 t o  

0.25 inches i n  from t h e  edge of t h e  bol thead .  The h igher  t he  to rque ,  t h e  

nea re r  t o  the  edge of t h e  head the  change seems t o  occur .  I n  a l l  cases, 

however, t h e  break from the  steep s lope  t h a t  i s  a l s o  c h a r a c t e r i s t i c  of  

an unloaded bol thead-p la te  gaske t  occurs  between 0.15 and 0.20 inches .  

This break agrees  wi th  t h e  pene t r a t ion  d a t a  shown i n  Figure 111-5. It 

a l s o  agrees  wi th  pressure  measurements t o  be d iscussed  l a t e r .  

I n  every a t t e m p t  t o  confirm t h e  r e s u l t s  i n  F igure  111-6 on a 1- inch ,  

t h i n  f i l l i s t e r - h e a d  b o l t ,  t he  gaske t  was completely wet ted.  Thus, no 

use fu l  r e s u l t s  were obta ined .  

However, f o r  t h e  1- inch ,  t h i c k  f i l l i s t e r - h e a d  b o l t  with f a s t en ing  

torques of  40 and 75 foot-pounds, usable  d a t a  was obta ined .  I n  Figure 

111-8, the  i n i t i a l  s lopes  of the  curves ,  a t  ,best  no steeper than  t h e  

s lope  f o r  the  free-suspension c a l i b r a t i o n ,  i n d i c a t e  t h a t  a pressure- f ree  

zone does no t  e x i s t  near  t h e  edge of t h i s  bo l thead .  
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B.  Pressure  Measurements under Boltheads 

The foregoing d i scuss ion  has descr ibed  t h e  experiments t o  measure 

only t h e  r a d i a l  e x t e n t  of t h e  normal stresses under va r ious  types of  

bo l theads .  Because t h e s e  tests do not  g ive  the  a c t u a l  p re s su res  under 

t h e  heads,  q u a n t i t a t i v e  measurements of t he  stress d ;s t r ibu t ion  become 

the  next  problem. 

1) I n i t i a l  Tests: 

I n  1961, Fernlund (60) descr ibed  an experimental  procedure t h a t  he 

used t o  measure the  i n t e r f a c e  stress between t h i c k  b o l t e d  p la tes  a s  a 

func t ion  of  r a d i a l  d i s t a n c e  from the  b o l t  shanks. He used an o i l  i n j e c -  

t o r  t o  i n j e c t  o i l  i n t o  0.050-inch diameter ho les  t h a t  had been d r i l l e d  

through one o f  t h e  p l a t e s .  The i n j e c t i o n  pressure  a t  which o i l  w a s  

i n i t i a l l y  forced out  between the  p l a t e s  was assumed equal  t o  t h e  l o c a l  

pressure  a t  t he  i n j e c t i o n  h o l e .  The r e s u l t s  from t h i s  experimental  pro- 

cedure were shown by Fernlund t o  agree  wi th  h i s  t h e o r e t i c a l  p red ic t ions  

wi th in  f 7 pe rcen t .  

Because no publ ished a t t e m p t  t o  measure t h e  normal stress under a 

bol thead could be found, Fernlund’s method f o r  plates  was adopted. It 

was a n t i c i p a t e d  t h a t  t h e  p re s su re  could be measured under two of t he  

nu t s  and under a l l  the  bol theads  shown i n  Figure 111-1. A number of 

0.015-inch diameter ho le s  were d r i l l e d  through t h e  bol theads  and the  

nu t s .  Each hole  was c o n c e n t r i c a l l y  tapped f o r  a No. 0-80 thread .  The 

thread  was approximately 0.125 inches deep, t o  provide about 10 th reads  

f o r  a t t a c h i n g  a male f i t t i n g .  Cross secti0n.s o f  a t y p i c a l  ho le  and t h e  

mated pressure  f i t t i n g  a r e  shown i n  I l l u s t r a t i o n s  111-1 and 111-2. The 

t h r e e  o r i g i n a l  pressure  f i t t i n g s  were b r a s s ,  One of  them i s  shown on 

the  f a r  r i g h t  i n  Figure 111-9. 
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ILLUSTRATION 111-1 
Cross Sect ion of  Hole i n  
Thin F i l l i s t e r - H e a d  Bol t  

i-- *422 I 

ILLUSTRATION 111-2 
Cross Sect ion of Or ig ina l  
Pressure  F i t t i n g  

I n  t h e  f i r s t  series of t es t s ,  the  1- inch,  t h i n  f i l l i s t e r - h e a d  b o l t  

(Figure 111-3),  w a s  used. The tes t  se tup  i s  shown i n  Figure 111-10 (a  

modified 1- inch button-head b o l t  i s  i n  place of t he  f i l l i s t e r - h e a d  b o l t ) .  

The t e s t  f l u i d  was pene t r a t ing  o i l .  The b o l t  was t i gh tened  t o  60 foot-  

pounds on the  s t a i n l e s s  s teel  p l a t e  of  Figure 111-4. 

No o i l  flowed from under the  bol thead  a t  2500 p s i .  An aluminum t e s t  

p l a t e  was a l s o  t r i e d  wi th  the  same p res su re ,  without  r e s u l t .  ( A t  60 foot- 

pounds of to rque ,  t he  o i l  had been expected t o  flow a t  about 1500 p s i  o r  
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less.) 

conclusion t h a t  e i t h e r  t he  compression i n  t h e  bol thead  c losed  t h e  0.015- 

inch  ho le s  o r  t h e  pene t r a t ing  o i l  w a s  too  v iscous .  

Severa l  a t t e m p t s  a t  bo th  h igher  and lower torques  l e d  t o  the  

During t h e  abor t ive  a t tempts  t o  i n j e c t  o i l  i n t o  t h e  f i r s t  specimen, 

t he  t h r e e  pressure  f i t t i n g s  were ruined: two by t h e  shear ing  o f f  of the- 

threaded t i p s ;  t h e  t h i r d ,  by s t r i p p i n g  of some of  t h e  threads  on t h e  t i p  

a f t e r  only a few assembly and disassembly ope ra t ions .  These f i t t i n g s  

a l s o  leaked o i l - - a  con t inua l  source o f  t r o u b l e .  

,. 

I n  the  design of  t h e  b o l t s  and nu t s  wi th  such s m a l l  ho les  and o i l  

i n j e c t i o n  f i t t i n g s  , t he  i n t e n t i o n  had been t o  keep the  phys ica l  d i s t u r -  

bances of t he  measurements a t  a minimum. 

2) Redesign of  Holes and F i t t i n g s :  

Af te r  the  i n i t i a l  l ack  of success  the  i n j e c t i o n  ho le s  i n  the  1- inch 

b o l t s  (Figures  111-2 and 111-3) were en larged  t o  0.025 inches .  A 2-64 

threaded ho le  was tapped concen t r i c  wi th  each ho le .  I n  a d d i t i o n ,  the  

hole  was countersunk t o  accommodate a gasket  and provide a p res su re  seal .  

A c ros s - sec t ion  of t h i s  modified ho le  i s  shown i n  I l l u s t r a t i o n  111-3. 

Four new pressure  f i t t i n g s ,  of AIS1 C1020 steel ,  were f a b r i c a t e d  ( c e n t e r  

of Figure 111-9, c ros s - sec t ion  i n  I l l u s t r a t i o n  111-4). 

On the  l e f t  i n  Figure 111-9 i s  the  gasket  c u t t e r ,  designed t o  c u t  

small p l a s t i c  r i n g s  which would seal  the  f i t t i n g  when i t  w a s  t i gh tened  

i n  t h e  tapped ho le s .  To provide t h e  needed c l ea rance  f o r  t he  new, l a r g e r  

f i t t i n g s  t h e  threaded ho le  was recessed  on the  1- inch  button-head b o l t  

(Figure 111-11). This  modified button-head i s  a l s o  shown (a t t ached  t o  

an aluminum p l a t e  i n  the  t es t  s tand)  i n  Figure 111-12. N o  a t tempt  was 

made t o  modify t h e  5/8-inch and 3/8- inch diameter b o l t s  i n  t h i s  manner 

because o f  t h e i r  smal le r  s i z e .  
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ILLUSTRATION 111-3 
Cross-Section of Modified Hole 
i n  Thin F i l l i s t e r -Head  Bolt  

. O S 6 4  

ILLUSTRATION 111-4 
Cross- Sec t ion  of  Improved 
Pressure  F i t t i n g  

I n  a d d i t i o n  t o  these  modi f ica t ions ,  t h e  i n j e c t i o n  f l u i d  was changed 

from pene t r a t ing  o i l  t o  t he  Esso Diesel 260, whose p r o p e r t i e s  were given 

e a r l i e r  and which approximates more c l o s e l y  t h e  Veloc i te  No. 6 o i l  used 

by Fernlund (60) i n  h i s  s tudy of i n t e r f a c e  p re s su res .  

3) Thin F i l l i s t e r - H e a d  Bolt:  

New pressure  measurements were made on the  t h i n  f i l l i s t e r - h e a d  b o l t  

with the  en larged  h o l e s ,  improved pressure  f i t t i n g ,  and d i e s e l  o i l .  The 

pressure  a t  which t h e  o i l  began t o  flow between t h e  b o l t  and t h e  p l a t e  

could now be determined wi th  reasonable  cons is tency .  Four readings  were 
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made and t h e  r e s u l t s  were then averaged. A t  h igh  p res su res ,  an  a t t e m p t  

was made t o  observe the  system pressure  drop as a func t ion  of  t i m e ,  thus  

determining more c l o s e l y  when t h e  o i l  began t o  flow. However, gene ra l  

system leakage made t h i s  t oo  unce r t a in .  The o i l  p re s su re -bo l t  torque 

curves f o r  two of t h e  four  ho le s  i n  the  f i l l i s t e r  head are shown i n  

Figure 111- 13. 

Holes 81 and #3, which had o r i g i n a l l y  been d r i l l e d  very near  t he  

edge of t h e  bo l thead ,  could no t  be en larged  and countersunk t o  accommo- 

da te  t h e  pressure  seal .  Consequently, without  t h e  new threads  and s e a l ,  

p ressure  measurements were n o t  taken.  

I n  Figure 111-13, t h e  curve l abe led  "Average Stress Based on To ta l  

Area" r e p r e s e n t s  t h e  normal stress t h a t  would be c a l c u l a t e d  i f  the  stress 

i s  assumed t o  be uniformly d i s t r i b u t e d  under t h e  head. The average 

stress would be simply the  t o t a l  a x i a l  force  i n  the  shank d iv ided  by 

t o t a l  area under the  head. 

to rque ,  were es t imated  wi th  da t a  given on page 36 of r e fe rence  64. 

The a x i a l  f o r c e s ,  as a func t ion  o f  f a s t en ing  

Also p l o t t e d  i n  Figure 111-13 i s  the  curve l abe led  "Average S t r e s s  

Based on Reduced Area," which r e p r e s e n t s  t he  average stress on a r i n g  

wi th  an i n s i d e  r ad ius  of 0.50 inches and an o u t s i d e  r a d i u s  of  0.62 inches.  

The reduct ion  i n  ou t s ide  r a d i u s  from 0.65 t o  0.62 inches  i s  based on t h e  

lower l i m i t  of t he  r e s u l t s  from the  o i l  pene t r a t ion  s t u d i e s  p l o t t e d  i n  

Figure 111-6. From Figure 111-13, i t  i s  apparent t h a t  t h e  measured 

pressures  are only 63 percent  ( a t  40 foot-pounds) and 70 percent  ( a t  

30 foot-pounds) of t h e  average "reduced area'! stress. I n  re ference  64 

i t  i s  poin ted  out  t h a t  t h i s  i s  not  unusual and t h a t  one might o b t a i n  

va lues  f o r  a x i a l  b o l t  t ens ions  as much as 50 percent  below t h e  average 

va lues  g iven  t h e r e  f o r  s p e c i a l l y  prepared specimens. 
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The p res su res  given i n  Figure 111-13 have been r e p l o t t e d  i n  

Figure 111-14 as a func t ion  of  r a d i a l  dis tance--with f a s t en ing  torque a 

parameter. 

# 3 ,  which were loca ted  r e s p e c t i v e l y  0.075 and 0.11 inches from the  shank, 

would have provided va luable  readings .  

Evident from t h i s  f i g u r e  i s  t h a t  t he  unmodified ho le s  #1 and 

However, i t  i s  known from t h e  

o i l  pene t ra t ion  d a t a  t h a t  t h e  pressure  must drop t o  ze ro  approximately 

0.03 inches i n  from the  edge of t he  bol thead.  

The p res su re  measurements, o i l  pene t r a t ion  r e s u l t s ,  and Figure 7 of 

re ference  65 were next  combined f o r  p l o t t i n g  the  curves i n  Figure 111-14. 

These r ep resen t  an approximation of t he  a c t u a l  normal stress d i s t r i b u t i o n  

under the  t h i n  f i l l i s t e r - h e a d  b o l t .  

4 )  Thick F i l l i s t e r -Head  Bolt:  

Pressure  measurements were a l s o  made under the  head of t he  1- inch,  

t h i c k  f i l l i s t e r - h e a d  b o l t  wi th  the  same techniques.  I n  Figure 111-15 

the pressures  a r e  shown as a func t ion  of f a s t en ing  torque.  For torques 

of 30 foot-pounds o r  less, the  pressures  agreed wi th  t h e  average s t r e s s e s  

ca l cu la t ed  with va lues  of  a x i a l  fo rce  taken from re fe rence  64. The 

e n t i r e  a r e a  under the  bol thead was assumed t o  be s t r e s sed - -an  assumption 

cons i s t en t  wi th  the  r e s u l t s  from the  o i l  pene t r a t ion  s tudy .  

The h igh  pressure  readings a t  torques above 40 foot-pounds a r e  

unexplainable.  

This same pressure  da t a  has  been r e p l o t t e d  i n  Figure 111-16 as a 

funct ion of r a d i a l  d i s t a n c e ,  wi th  f a s t en ing  torque as a parameter. A s  

they were f o r  t h e  t h i n  f i l l i s t e r - h e a d ,  a l l  t he  measurements were neces- 
I 

s a r i l y  confined t o  the  middle of  t he  bol thead r i n g  a r e a .  Because the  

head d id  no t  s epa ra t e  from the  p l a t e ,  t h e  assumption i s  t h a t  t he  normal 
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stress was s i g n i f i c a n t l y  h igh  a t  t h e  edge o f  t he  bol thead .  This  assump- 

t i o n ,  a long wi th  Figure 7 of r e fe rence  65, was used t o  o b t a i n  the  curves 

shown i n  F igure  111-16. 

5) Button-Head Bolt:  

I n  c o n t r a s t  t o  t h e  pressures  obta ined  from t h e  f i l l i s t e r - h e a d  b o l t s ,  

read ings  were taken f o r  s ix  r a d i a l  d i s t ances  under the  1- inch modified 

button-head b o l t .  The p res su res  are p l o t t e d  as a func t ion  o f  to rque  i n  

Figure 111-17 and of r a d i a l  d i s t a n c e ,  wi th  torque as a parameter, i n  

Figure 111-18. From Figure  111-18 i t  i s  clear t h a t  t he  normal stress i s  

dependent on the  r a d i a l  d i s t a n c e  from t h e  shank. Two curves f o r  average 

stress are shown. One i s  based on t h e  t o t a l  r i n g  area; the  o t h e r ,  on a 

r i n g  of 0.34 inches ou t s ide  r a d i u s .  

The s e l e c t i o n  of 0.34 inches  as the  r a d i a l  d i s t a n c e  a t  zero stress 

i s  based on both the  o i l  pene t r a t ion  r e s u l t s  prev ious ly  d iscussed  and 

the  curves of Figure 111-18, which i n d i c a t e s  t h a t  between 0.20 and 0.30 

inches  from the  shank the  normal stress drops r a p i d l y .  The average d i s -  

tance  of 0.34 inches ,  s e l e c t e d  f o r  t h e  r a d i a l  p o s i t i o n  where the  normal 

stress becomes ze ro ,  i s  i n  agreement wi th  the  p re s su re  d a t a  f o r  to rques  

ranging from 10 t o  100 foot-pounds. 

Also p l o t t e d  i n  Figure 111-18 are the  average stress va lues  computed 

with t h e  assumption of uniform pressure  on t h e  e n t i r e  r i n g  area. The 

r a t i o s  of t h e  areas under t h e  measured-pressure curves  t o  the  a r e a  under 

the  ave rage - s t r e s s  curves  were then computed and p l o t t e d  i n  Figure 111-19. 

The t o t a l  b o l t  load determined from t h e  pressure  measurements v a r i e s  from 

37 t o  56 percent  of  t h a t  computed assuming a uni formly-d is t r ibu ted  normal 

stress. I n  r e fe rence  64, a torquing  e f f i c i e n c y  (percent  of impressed 

torque converted t o  compressive load)  of  50 percent  was mentioned as a 
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poss ib l e  va lue .  For torques  above 50 foot-pounds, e f f i c i e n c i e s  of a t  

least  50 percent  were found. It appears ,  however, t h a t  a t  lower torques  

t h e  b o l t  i s  no t  s o  e f f i c i e n t .  

I n  a f u r t h e r  a n a l y s i s  of t he  d a t a  f o r  t h e  button-head b o l t ,  t he  

maximum normal stresses were taken from Figure 111-18 and p l o t t e d  as a 

func t ion  of  torque i n  Figure 111-20. For comparison, t h e  average normal 

stresses (uniform d i s t r i b u t i o n )  f o r  t o t a l  and reduced r i n g  a r e a s  are 

p l o t t e d  i n  t h e  same f igu re .  Note t h a t  t h e  curve f o r  t he  maximum pres su re  

i s  co inc ident  with the  ave rage - s t r e s s  curve ( t o t a l  r i n g  area) f o r  to rques  

less than  30 foot-pounds and i s  nea r ly  co inc ident  with the  average-s t ress  

curve (reduced area) f o r  higher  t o rques .  F igures  111-18 and 111-20 show, 

then ,  t h a t  the  normal stress under a button-head b o l t  becomes more 

non-uniform as the  torque i s  increased .  

C .  E f f e c t  of Bolthead S t r e s s  D i s t r i b u t i o n  on P l a t e  Def lec t ion  

From the  experimental  r e s u l t s  j u s t  d i scussed ,  i t  i s  apparent  t h a t  

i n  some cases t h e  d i s t r i b u t i o n  of  normal stress under a bo l thead  w i l l  be 

non-uniform. Since t h e  problem under cons ide ra t ion  i s  not  t h e  bol thead  

stress d i s t r i b u t i o n  i t s e l f ,  bu t  r a t h e r  the  e f f e c t  o f  such d i s t r i b u t i o n  

on the  d e f l e c t i o n  of b o l t e d  p l a t e s ,  a parametric a n a l y s i s  of t h e  l a t t e r  

problem was performed with a d i g i t a l - p r o g r a m  discussed  i n  t h e  next  

chapter .  

N o  a t tempt  was made t o  descr ibe  t h e  p l a t e  i n t e r f a c e  stress d i s t r i b u -  

t i o n .  Only the  normal stress under the  bol thead  w a s  cons idered ,  Because 

t h e  i n t e r f a c e  stress w i l l  a d j u s t  i t s e l f  t o  changes i n  the  bol thead  stress 

d i s t r i b u t i o n  and thereby reduce the  e f f e c t  of vary ing  the bol thead  stress, 
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t h e  parametric a n a l y s i s  was intended only t o  p lace  an upper l i m i t  t o  t h e  

e f f e c t  o f  non-uniform bol thead stress on t h e  d e f l e c t i o n  o f  b o l t e d  p l a t e s .  

This  a n a l y s i s  considered a symmetrically-loaded 10-inch c i r c u l a r  

aluminum p l a t e  wi th  a 1- inch ho le  i n  i t s  c e n t e r .  P l a t e  th icknesses  of  

0.125, 0.250, and 0.500 inches and s i x  d i f f e r e n t  stress d i s t r i b u t i o n s  

( I l l u s t r a t i o n  111-5) were considered.  Each stress d i s t r i b u t i o n  repre- 

s e n t s  t h e  same t o t a l  load .  

T 

ILLUSTRATION 111-5 Load D i s t r i b u t i o n s  Considered i n  Parametr ic  Study 

The computer r e s u l t s  f o r  t h e  0.125-inch p l a t e  wi th  f r e e  and con- 

s t r a i n e d  edges are shown i n  F igures  111-21 and 111-22, r e s p e c t i v e l y .  The 

constrained-edge case  r e p r e s e n t s  a s e c t i o n  of a j o i n t  between two b o l t s .  

For cases 2 through 6 (non-uniform stress),  the  edge d e f l e c t i o n s  were 

normalized by d iv id ing  them by t h e  edge d e f l e c t i o n  f o r  case 1 (uniform 

stress).  The r e s u l t s  a r e  shown i n  Figure 111-23, which i s  v a l i d  f o r  any 

t h i n  p l a t e .  
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From Figure  111-23 it can be  seen t h a t  i f  t h e  r a d i a l  e x t e n t  of t h e  

load (measured from the b o l t  cen te r )  i s  wi th in  20 percent  o f  t h a t  

ob ta ined  assuming a uniform load ,  t he  e r r o r  produced by assuming a uni- 

form d i s t r i b u t i o n  i s  less than  18 percent .  Thus, i n  t he  case of  t h e  t h i n  

f i l l i s t e r - h e a d  b o l t ,  where t h e  a c t u a l  r a d i a l  e x t e n t  was found t o  be about 

0.62 r a t h e r  than 0.65 inches  (Figure 111-14) t h e  maximum e r r o r  i n  assum- 

ing  0.65 would be only about 5 percent  i f  t he  t o t a l  a c t u a l  load were 

p rec i se ly  known. Even i n  t h e  case  of t h e  button-head b o l t  where the  

r a d i a l  ex ten t  of  the  load was found t o  be about 0.84 inches i n s t e a d  of 

1.03 inches t h e  maximum e r r o r  i n  assuming 1.03 inches i n s t e a d  of 0.84 

inches would be only about 20 percent .  C lea r ly ,  i t  i s  more important t o  

know t h e  a c t u a l  t o t a l  load t r ansmi t t ed  t o  the  p l a t e  than  t h e  precise 

d i s t r i b u t i o n  of normal stress under the bol thead .  
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CHAPTER I V  

INTERFACE STRESS DISTRIBUTION 
AND PLATE DEFLECTION 

The determinat ion of  t h e  h e a t  t r a n s f e r  ac ross  t h e  i n t e r f a c e  between 

two b o l t e d  o r  r i v e t e d  plates r e q u i r e s  a knowledge of  t h e  area(s) o f  

p l a t e  c o n t a c t ,  the  p re s su re  d i s t r i b u t i o n  i n  those  area(s) ,  and t h e  width 

of t he  gap ou t s ide  t h e  c o n t a c t  area(s).  

To d a t e ,  t he  e f f o r t  of Lindh and h i s  coworkers (42) a t  UCLA i s  the  

only known sys temat ic  a t t a c k  on t h i s  problem. Their  s tudy ,  which was 

pr imar i ly  an i n v e s t i g a t i o n  of  gap th ickness  o r  p l a t e  d e f l e c t i o n s ,  was 

confined t o  r i v e t e d  specimens and cons i s t ed  of  both tests and t h e o r e t i c a l  

ana lyses .  The experiments involved measurements of  r i v e t  shank s t r e s s e s  

and t h e  gap between r i v e t e d  p l a t e s  with p l a t e  th icknesses  ranging from 

0.031 t o  0.133 inches .  

The t h e o r e t i c a l  work, done by Lieb ( 4 2 ) ,  has a l r eady  been d iscussed  

a t  some l eng th  i n  Chapter 11. He b r i e f l y  discussed t h e  i n t e r f a c e  stress 

d i s t r i b u t i o n  i n  the  con tac t  zone around a b o l t ,  b u t  only t o  the  e x t e n t  

necessary t o  demonstrate how he had app l i ed  Sneddon's (61) r e s u l t s  i n  

t h e  a n a l y s i s ,  

Sneddon (61) and Fernlund (60) were p r imar i ly  concerned with the  

i n t e r f a c e  stress d i s t r i b u t i o n .  The d iscuss ion  i n  Chapter 11 was l imi t ed  

t o  Fernlund 's  e f f o r t s  because they were an ex tens ion  of t h e  ana lyses  by 

Sneddon. Also mentioned i n  Chapter I1 were r e s u l t s  ob ta ined  by Coker 

and F i lon  (62) and Aron and Colombo ( 6 3 )  f o r  t h e  r a d i a l  ex ten t  of  t h e  

i n t e r f a c e  stress d i s t r i b u t i o n ,  

From t h e  previous d i scuss ion  i t  i s  apparent t h a t  an a n a l y t i c  method 

t o  desc r ibe  p l a t e  d e f l e c t i o n  i s  needed which accounts f o r  t he  b o l t  ho le  
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i n  t h e  p l a t e  and t h e  non-uniform stress d i s t r i b u t i o n s ,  both under t h e  

bol thead  and between the  p l a t e s .  Such a method has  been developed i n  

t h i s  s tudy f o r  t h i n  plates .  It would have g r e a t e r  va lue  i f  i t  could be 

extended t o  t h i c k  p la tes  i n  which shear  stresses have important e f f e c t s ,  

However, t o  analyze p la te  d e f l e c t i o n s ,  good d e f i n i t i o n s  of the  bol thead  

and i n t e r f a c e  s t r e s s  d i s t r i b u t i o n s  a r e  needed. I n  t h i s  c h a p t e r ,  a theo- 

r e t i ca l  a n a l y s i s  developed f o r  t h e  p l a t e  d e f l e c t i o n  and an experimental  

study of both t h e  i n t e r f a c e  stress d i s t r i b u t i o n  and p l a t e  d e f l e c t i o n  are 

presented .  

A. Analysis  of  P l a t e  Def lec t ion  

I n  most s t r u c t u r a l  j o i n t s ,  r ec t angu la r  symmetry e x i s t s  i n  the  

genera l  f e a t u r e s  of  the  j o i n t .  However, i n  the  area immediately adja-  

cen t  t o  the  ind iv idua l  f a s t e n e r s ,  c i r c u l a r  symmetry e x i s t s ;  the  stress 

d i s t r i b u t i o n s  under the  f a s t e n e r  head and between the  p l a t e s  approach 

p e r f e c t  c i r c u l a r  symmetry around the shank. A s  a r e s u l t ,  an exac t  

a n a l y s i s  of the  d e f l e c t i o n  of b o l t e d  r ec t angu la r  p l a t e s  r e q u i r e s  rec- 

t angu la r  p l a t e  equat ions  with appropr i a t e  boundary condi t ions  and c i r c u -  

l a r l y  symmetrical loading.  This formidable problem would probably 

r e q u i r e  a f i n i t e - d i f f e r e n c e  approach f o r  a s o l u t i o n .  In s t ead  of such a 

s o l u t i o n ,  a j o i n t  wi th  c i r c u l a r  symmetry was assumed, because over most 

of  a rea l  r ec t angu la r  j o i n t  t h i s  condi t ion  of symmetry i s  approached. 

F i r s t ,  a comparison w a s  made between t h e  d e f l e c t i o n  of simply- 

supported c i r c u l a r  and r ec t angu la r  p la tes  s u b j e c t  t o  a concent ra ted  load 

a t  t h e  c e n t e r .  This  was accomplished wi th  equat ions  given by Timoshenko 

and Woinowsky-Krieger ( 6 6 ) .  The maximum d e f l e c t i o n  of a c i r c u l a r  
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aluminum p l a t e  was 7 percent  more than  tha t  o f  a square  aluminum p l a t e .  

For square  s teel  p l a t e s ,  the d i f f e r e n c e  was 11 percen t .  

Because real  j o i n t s  are usua l ly  r e c t a n g u l a r ,  i n s t e a d  o f  square ,  

t h e r e  i s  some e r r o r ,  b u t  i f  the r ec t angu la r  j o i n t  i s  n e a r l y  square ,  the 

e r r o r s  in t roduced  by assuming c i r c u l a r  symmetry are small i n  comparison 

t o  the e r r o r s  caused by the u n c e r t a i n t i e s  i n  the a p p l i e d  loads .  

small ga in  i n  exac tness  that would be  obta ined  does n o t  j u s t i f y  t h e  added 

complexi t ies  i n  t h e  s o l u t i o n  of t h e  r ec t angu la r  p l a t e  problem a t  t h i s  

The 

t i m e .  

1) Theore t i ca l  Approach: 

For the assumption o f  c i r c u l a r  symmetry, t h e  gene ra l  p a r t i a l  d i f f e r -  

e n t i a l  equat ion  governing the  d e f l e c t i o n  i n  the  case  o f  axial  symmetry 

i s  given by Timoshenko and Goodier (67) i n  po la r  form as 

2 a  1 a 1 aa a% 
2 a82 as 

+ -- + -  c t n  8 - +--)(- + (5 r a r  
2 aip 
r a r  
-- 

= 0 (IV-1) 
2 ae r2 ae2 

where 8 i s  t h e  angle  measured from t h e  z axis t o  t h e  r a d i a l  p o s i t i o n  and 

Q i s  the stress func t ion .  The de termina t ion  o f  Z i s  s i m p l i f i e d  by not ing  

t h a t  s o l u t i o n s  t o  equat ion  IV-1 are a l s o  s o l u t i o n s  t o  

1 aip 1 a% a2 ip 

a r2 r a r  r2 ae P a82 
+ - -  a' + - c t n  8 - + - - = o . - (IV- 2) 

Timoshenko and Goodier a l s o  

obtained f o r  c e r t a i n  simple 

supe rpos i t i on .  I n  g e n e r a l ,  

i l l u s t r a t e  how express ions  f o r  Z can be 

problems involv ing  small  d e f l e c t i o n s  by 

express ions  f o r  ip are obta ined  as polynomials 

of o r d e r  0 t o  n and s o l u t i o n s  are obta ined  by j u d i c i o u s  combinations of 

t hese  express ions .  The same au thor s  g i v e  express ions  f o r  CP only t o  a 
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f i f t h - o r d e r  polynomial, b u t  they s ta te  t h a t  bending o f  c i r c u l a r  p l a t e s  

by nonuniformly-distributed loads  can be i n v e s t i g a t e d  by t ak ing  poly- 

nomials o f  seventh o rde r  and h igher .  I n  a d d i t i o n ,  they  state t h a t  t h e  

s o l u t i o n s  t o  equat ion  IV-2 f o r  c i r c u l a r  p l a t e s  wi th  ho le s  a t  the  c e n t e r  

must be  of a d i f f e r e n t  form than  t h e  polynomial express ions  given by 

them. 

Following t h e  gene ra l  method given i n  r e fe rence  67, polynomial 

express ions  were developed f o r  4 from o rde r  -1 t o  -10. For the  case of  

a p l a t e  wi th  a ho le  i n  t h e  c e n t e r ,  polynomial express ions  conta in ing  

p o s i t i v e  exponents d i d  no t  s a t i s f y  t h e  d i f f e r e n t i a l  equat ion .  Numerous 

a t t e m p t s  were made t o  combine t h e  nega t ive  o rde r  polynomials t o  o b t a i n  a 

stress func t ion  which would s a t i s f y  t h e  boundary cond i t ions ,  bu t  none 

was found. 

Since an exac t  s o l u t i o n  f o r  t he  d e f l e c t i o n  of a c i r c u l a r  p l a t e  wi th  

a non-uniform load ,  symmetrically d i s t r i b u t e d  about a c e n t e r  h o l e ,  could 

not  be found, an a l t e r n a t e  approach was taken.  Chapter 111 of r e fe rence  

66 conta ins  the  equat ions  which desc r ibe  the  small  d e f l e c t i o n  of t h i n  

c i r c u l a r  p l a t e s .  The ques t ion  arises: What i s  meant by small def lec-  

t i o n s  and t h i n  p l a t e s?  Wahl and Lobo (68) s t a t e  t h a t  f o r  a d e f l e c t i o n  

t o  be considered small, i t  should be less than 1 / 2  t h e  p l a t e  t h i ckness ,  

and t h a t  f o r  a p l a t e  t o  be considered t h i n  i t s  th i ckness  should be l e s s  

than 1/3 the  p l a t e  r a d i u s  i f  i t s  edges are f r e e ,  and less than 116 t h e  

r ad ius  i f  i t s  edges are f ixed .  With these  c r i t e r i a ,  most s t r u c t u r a l  

j o i n t s  f i t  i n t o  the  ca tegory  of t h i n  p l a t e s  exper ienc ing  small 

d e f l e c t i o n s .  
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I n  r e fe rence  66, Timoshenko and Woinowsky-Krieger g ive  t h e  d i f f e r -  

e n t i a l  equat ion  f o r  t h e  d e f l e c t i o n  o f  a t h i n  c i r c u l a r  p l a t e ,  symmetri- 

c a l l y  loaded, a s  

( I V -  3) 

This equat ion  cannot be app l i ed  d i r e c t l y  t o  a b o l t e d  p l a t e  because the  

p l a t e  i s  not  loaded cont inuously over  i t s  e n t i r e  a r e a .  I l l u s t r a t i o n  

IV-l(b)  shows such a case--an i s o l a t e d  p l a t e  t h a t  i s  loaded non-uniformly 

on both t h e  top  and bottom s u r f a c e s .  

t he  bottom, t o  ro. 

The top  loading extends t o  rh and 

ILLUSTRATION I V - 1  Loading of  a C i rcu la r  Bolted P l a t e  

Equations desc r ib ing  the  d e f l e c t i o n  of t h e  c i r c u l a r  p l a t e  shown i n  

I l l u s t r a t i o n  IV-l(b) were developed i n  t h i s  s tudy by f i r s t  applying the  

p r i n c i p l e s  of  superpos i t ion  and then s p l i t t i n g  the  s o l u t i o n  i n t o  two 

s e p a r a t e ,  concent r ic  r i n g s  whose end cond i t ions  match. ( I l l u s t r a t i o n  

IV-2.) 

of t he  inne r  (loaded) r i n g  was designated r L - - t o  r ep resen t  e i t h e r  rh o r  

I n  t h e  development of t h e  d e f l e c t i o n  equat ions ,  t he  ou te r  r a d i u s  
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Method of Superpos i t ion  Yie lds  

S p l i t t i n g  i n t o  Two Concentr ic  Rings Gives 

A t  r=rL : 

t 

d r  d r  

d2w, r -  d2w2 
dr2 dr2 

-- 

ILLUSTRATION IV-2 Method of  Solu t ion  of P l a t e  Def lec t ion  
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ro. The i n n e r  r a d i u s  was des igna ted  rs , t he  r a d i u s  of  t he  b o l t  shank. 

For t h e  boundary cond i t ions  a t  t h e  o u t e r  edge of  t h e  o u t e r  r i n g ,  two 

d i f f e r e n t  cases were considered.  

f r e e ;  i n  t h e  o t h e r ,  t h e  s lope  of t h e  edge was se t  equal  t o  ze ro ,  t o  

I n  one case, t h e  edge was considered 

r ep resen t  the reg ion  between two adjacent  b o l t s .  

To keep t h e  a n a l y s i s  gene ra l ,  the  load dens i ty  a(r) was represented  

as a polynomial of  unspec i f ied  order :  

n 

a(r) = x A , r '  . 
1 =o 

( I V -  4) 

To so lve  equat ion  IV-3 f o r  t he  two r i n g s ,  t he  fol lowing boundary condi- 

t i o n s  were appl ied:  

w1 = 0 a t  r = rs 

- -  - O a t  r = r ,  d W l  

d r  

d2w1 d2w2 

d r2  d r 2  
a t  r = rL - = -  

w2 = w1 a t  r = rL (IV- 5) 

d2w2 I.1 dw2 - + -- = 0 a t  r = R ( P l a t e  with f r e e  ends) dr2 r d r  

- -  dw2 - 0 a t  r = R ( P l a t e  with ends of zero  s lope)  
dr  

so lu t ions  t o  equat ion IV-3 f o r  t he  d e f l e c t i o n  of r i n g  2 ( t h e  

region of i n t e r e s t ) ,  wi th  the  stress d i s t r i b u t i o n  on r i n g  1 given by 

equat ion IV-4 and the  boundary condi t ions  given by equat ions  IV-5 were 

obtained and are given below. For the  r i n g  wi th  a f r e e  ou te r  edge, 
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( I V -  6 )  

where 

and 

( IV- 8) 

For the r i n g  with o u t e r  edge of zero  s lope  (constrained edge) the  s o l u t i o n  

was : 

(IV- 9) 

where 

and 

The parameters i n  equat ions  I V - 6  through IV-11 a re :  

r, - 
, and Pa = 7 . R r p = -  

r L  r L  

The S ' s  i n  equat ions  I V - 7 ,  I V - 8 ,  IV-10, .and I V - 1 1  a r e :  

- - 
Y PR = -  

( I V - 1 1 )  

(IV- 12) 

i =0 
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i =o 
- (1 - In  r , ) ] ]  . ( I V -  13) 

The f l e x u r a l  r i g i d i t y  o f  t h e  p l a t e ,  D ,  i s  given by 

( I V -  14) 

2) Appl ica t ions  and Comparisons: 

Equations IV-6 through IV-14 were programmed f o r  d i g i t a l  s o l u t i o n  

t o  f a c i l i t a t e  t h e i r  use .  This program i s  given i n  Appendix A .  Several  

comparisons were made between d e f l e c t i o n s  p red ic t ed  by t h i s  program and 

those  given i n  o t h e r  sources .  

v a l i d i t y ,  s eve ra l  s i m p l e  ca ses  involv ing  uniform loading were considered.  

The s o l u t i o n s  t o  t h e s e ,  t h e  work-of Wahl and Lobo (68 ) ,  are given by 

Timoshenko and Woinowsky-Krieger (66 ) .  

For an i n i t i a l  check on the  program's 

The r e s u l t s ,  l i s t e d  i n  Table I V - 1 ,  involve p la tes  with both f r e e  

and cons t r a ined  edges and four  d i f f e r e n t  r a t i o s  of  p l a t e -ho le  r a d i i .  
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Table I V - 1  

COMPUTER PROGRAM RESULTS COMPARED W I T H  REFERENCE 66 

P l a t e  Radius 
Hole Radius 

Coef f i c i en t  kl of Equation (76) from Reference 66 

Free Edges 
-~ ~ ~ 

Reference 
66 

0.564 

0.44% 

0.293 

0.093% 

Computer 
Program 

0.563 

0.447 

0.284 

0.0821 

Constrained Edges 

R e  f e r ence 
66 

0.234 

0.179 

0.110 

0.0329 

Computer 
Program 

0.233 

0.17% 

0.10% 

0.0326 

Table I V - 1  shows e x c e l l e n t  agreement f o r  a l l  r a d i i  r a t i o s  f o r  p l a t e s  

with cons t ra ined  ou te r  edge and f o r  r a d i i  r a t i o s  5 and 4 only ,  f o r  p l a t e s  

with f r e e  o u t e r  edge. I n  the f r e e  edge c a s e ,  f o r  t h e  smaller  p l a t e -ho le  

r a t i o s ,  t he  r e s u l t s  from the  computer a n a l y s i s  do not  agree too  w e l l  wi th  

the  published s o l u t i o n s ;  t h e r e  i s  no explana t ion  f o r  t h i s  discrepancy 

o the r  than the  p o s s i b i l i t y  t h a t  Wahl and Lobo may have app l i ed  a shear  

s t ress  c o r r e c t i o n  no t  d i scussed  i n  t h e i r  p a p e r ,  and no t  app l i ed  i n  the  

present  a n a l y s i s .  However, t hese  d i f f e rences  are i n  cases  ou t s ide  our 

i n t e r e s t ;  our concern i s  f o r  bo l t ed  p l a t e s  with l a r g e  va lues  of t h e  r a d i i  

r a t i o s .  For example, a r a t i o  of 3 would mean a j o i n t  fas tened  by 

1/4- inch b o l t s  a t  1 1/2- inch spacing.  

The d e f l e c t i o n s  p red ic t ed  by the  computer program were a l s o  compared 

with those p red ic t ed  by L ieb ' s  equat ions  (42 ) ,  which have been given 

ear l ie r  as equat ions  11-26 and 11-27. 

Figures  I V - 1  and IV-2, t he  curves of  which a r e  f o r  t he  p l a t e  geometries 

These comparisons are shown i n  

and loadings shown i n  I l l u s t r a t i o n s  IV-3 and IV-4. I n  both c a s e s ,  o h  
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ILLUSTRATION IV-3 ILLUSTRATION IV-4 
P l a t e  Geometry and Loading 
f o r  Figure I V - 1  f o r  Figure IV-2 

P l a t e  Geometry and Loading 

was assumed t o  be cons tan t  wi th  r (uniform r i n g  load) ;  Dl v a r i e s  as given 

by Lieb (42) on page 50 of h i s  r e p o r t .  

I n  Figure I V - 1 ,  f o r  t he  case  of r h / b  = 2 ,  i t  i s  seen t h a t  t h e  deflec- 

t i o n s  from equat ions  IV-6 and IV-9 a r e  s l i g h t l y  smal le r  than those from 

equat ions 11-26 and 1 1 - 2 7 .  However, i n  Figure I V - 2 ,  one can see t h a t  

IV-6 and IV-9 y i e l d  s u b s t a n t i a l l y  l a r g e r  d e f l e c t i o n s  than those obta ined  

from equat ions  11-26 and 11-27. 

I n  h i s  development of  equat ions 11-26 and 1 1 - 2 7 ,  Lieb ignored t h e  

hole  i n  the  p l a t e .  However, the  l a r g e  d i f f e r e n c e s  between d e f l e c t i o n s  

p red ic t ed  by h i s  equat ions  and those  of  t h i s  study are pr imar i ly  due more 

t o  t h e  manner of handl ing the  i n t e r f a c e  stress d i s t r i b u t i o n  a ~ .  I n  

Lieb ' s  a n a l y s i s ,  t h e  curves  given f o r  OI on page 50 o f  r e fe rence  42 

(which are from Sneddon) were not  f i t t e d  wi th  a polynomial express ion  

(as i n  t h i s  s tudy) ;  they were approximated by the  express ion  

01 = o b  [1 - ($71. The va lue  of m i s  given i n  Figure 11-6.  A consid- 

e r a b l e  discrepancy e x i s t s  between oI(r) given by t h i s  approximation and 
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Sneddon’s curves  f o r  t h e  reg ion  near  ro. 

d e f l e c t i o n  on ro i s  d iscussed  i n  t h e  next  paragraph. 

The s t r o n g  dependence o f  p l a t e  

3) P red ic t ing  P l a t e  Def lec t ions :  

Comparisons between c i r c u l a r  p l a t e  d e f l e c t i o n s  p red ic t ed  by equa- 

t i o n s  IV-6 and IV-9 and experimental  measurements were d e s i r e d  i n  addi-  

t i o n  t o  t h e  comparisons prev ious ly  d iscussed .  P l a t e  d e f l e c t i o n s  and 

va lues  of  ro obta ined  from experimental  s t u d i e s  w i l l  be d iscussed  i n  

Sect ion B of t h i s  chap te r .  

To provide i n s i g h t  concerning the  dependence of p l a t e  d e f l e c t i o n  on 

ro, a parametr ic  i n v e s t i g a t i o n  was ma’de wi th  t h e  computer program o f  

Appendix A .  Two aluminum p l a t e s  were s t u d i e d ;  one was 8 inches i n  diame- 

t e r  and 0.072 inches t h i c k ;  t he  o t h e r ,  9 .5  inches i n  diameter and 0.125 

inches t h i c k .  Both p l a t e s  had a c e n t e r  ho le  of  0.625 inches diameter .  

They were assumed t o  be uniformly loaded on the  top  su r face  ( r i n g  loading) 

between r a d i i  of 0 . 3 1 3  and 0.500 inches and non-uniformly loaded on the  

bottom su r face  between r a d i i  of 0.313 inches and ro. 

the  bottom load ,  was v a r i e d  from 0.53 t o  0.700 inches .  I n  a l l  c a s e s ,  t h e  

t o t a l  bottom su r face  load was made equal  t o  the  top  su r face  load.  The 

bottom load d i s t r i b u t i o n s  f o r  t h e  f i v e  va lues  of  ro considered a r e  shown 

i n  F igure  IV-3 along with the  top  load d i s t r i b u t i o n ,  r h .  The r e s u l t s  

obtained f o r  t h e  two plates  are shown i n  Figures  IV-4 and IV-5. 

The va lue  o f  ray 

I n  both f i g u r e s ,  it i s  apparent  t h a t  without  accu ra t e  knowledge of  

t he  l o c a t i o n  of rcT, determinat ion of  t he  c o r r e c t  p l a t e  d e f l e c t i o n  i s  

impossible .  This i s  even more ev ident  i n  F igure  IV-6, where the  maximum 

d e f l e c t i o n  of t he  8- inch x 0.125-inch p l a t e  i s  p l o t t e d  as a func t ion  o f  

rcT. 

t o  t h e  adequacy of  t h e  experimental  d a t a  f o r  ro. 

Fur ther  d i scuss ion  of t h i s  po in t  w i l l  be included l a t e r  i n  r e l a t i o n  
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B .  Experimental Study of I n t e r f a c e  S t r e s s  D i s t r i b u t i o n s  

Very l i t t l e  information on t h e  magnitude and e x t e n t  of  t he  normal 

stress d i s t r i b u t i o n  between bo l t ed  p l a t e s  i s  a v a i l a b l e .  The only 

r epor t ed  experimental  d a t a  i s  t h a t  from Fernlund (60) who t e s t e d  only 

one j o i n t .  

(61).  

tance o r  r,, one should reca l l  from Chapter I1 t h a t  t h e  magnitude of r, 

The only t h e o r e t i c a l  r e s u l t s  a r e  from Fernlund and Sneddon 

I n  t h e  l i g h t  of t he  previous d i scuss ion  (Sec t ion  A) on the  impor- 

as a func t ion  of p l a t e  th ickness  and bol thead  r ad ius  i s  very  poorly 

def ined.  To f i l l  some of  t h e  gaps i n  t h e  present  knowledge about r,, 

and t o  provide a va lue  of rcT f o r  c o r r e l a t i n g  t h e  p la te  d e f l e c t i o n  theory  

with experiments ,  a t e s t i n g  program was set  up. This  program included:  

(1) measurements of t he  r a d i a l  e x t e n t  of t he  i n t e r f a c e  stress; (2)  an 

at tempt  t o  measure t h e  d i s t r i b u t i o n  of t he  i n t e r f a c e  stress i n  seve ra l  

j o i n t s ;  and ( 3 )  d i r e c t  measurement of  t he  i n t e r f a c e  gap between b o l t e d  

p l a t e s ;  bo th  c i r c u l a r  and square .  

1) O i l  Pene t r a t ion  Measurements: 

The d i e s e l  o i l - f i l t e r  paper technique descr ibed  i n  Chapter I11 ( f o r  

f ind ing  the  r a d i a l  e x t e n t  of  t h e  normal s t r e s s e s  under bol theads)  w a s  

a l s o  used t o  determine t h e  r a d i a l  e x t e n t  of t h e  i n t e r f a c e  stress,  rcT, i n  

two c i r c u l a r  j o i n t s  and one l a p  j o i n t .  One c i r c u l a r  j o i n t  i s  shown i n  

Figure IV-7; the  l a p  j o i n t ,  i n  Figure I V - 8 .  (The g r i d  shown on the  l a p  

j o i n t  was used f o r  i n t e r f a c e  gap measurements t h a t  w i l l  be d iscussed  

la te r  .) 

The r e s u l t s  from o i l  pene t r a t ion  tes ts  i n  t h e  c i rcu lar  j o i n t s  are 

shown i n  F igures  I V - 9  and I V - 1 0 .  

Figure I V - 9  concerns two 9.5-inch X 0.158-inch c i r c u l a r  aluminum 

p l a t e s  t h a t  were clamped by a 5/8-inch button-head b o l t  and hexagonal 
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FIGURE 9.5-INCH DIAMETER ALUMINUM JOINT 
IV- 7 USED IN PLATE DEFLECTION STUDY 

FIGURE 4x2'' ALUMINUM JOINT USED 
IV-8 IN PLATE DEFLECTION STUDY 
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nut  without washers. The b o l t  i s  a l s o  shown s e p a r a t e l y  i n  F igure  111-1. 

Although t h e  r a d i u s  of t h e  bol thead  was 0.650 inches ,  t h e  ear l ier  s tudy  

of  t h e  1- inch button-head b o l t  l e d  t o  t h e  approximation t h a t  t h e  r a d i a l  

ex ten t  of  the  normal stress under t h e  head of  t h e  5/8-inch b o l t  should 

be about 0.53 inches .  The bear ing  a r e a  of  t h e  hexagonal nu t  was a l s o  

assumed t o  extend t o  a r ad ius  of 0.53 inches .  

O i l  pene t r a t ion  readings  obta ined  a t  60 and 120 foot-pounds torque 

exh ib i t ed  no torque e f f e c t  wi th in  the  accuracy of  t h e  measurements. The 

curve drawn through the  d a t a  f o r  60 foot-pounds has  a sharp break about 

4.05 inches i n  from t h e  ou te r  edge of  t he  p l a t e ,  b u t  t he  c a l i b r a t i o n  

curve,  ob ta ined  with the  b o l t  and nut  f i n g e r - t i g h t  on ly ,  does not  have a 

similar break.  From t h e  va lue  of  4.05 f o r  t he  break  p o i n t ,  0.70 inches 

i s  obtained f o r  ro. This d i s t ance  w i l l  be compared t o  o t h e r  da t a  l a t e r .  

Figure IV-10 shows the  r e s u l t s  f o r  a j o i n t  c o n s i s t i n g  of two 8- inch 

X 0.072-inch round aluminum p l a t e s  fas tened  by a 5/8- inch hexagonal-head 

b o l t  and hexagonal nut  without washers.  The c i r c u l a r  loaded reg ions  on 

both b o l t  and nu t  were 1.00 inches i n  diameter .  Between 3.4 and 3 .5  

inches i n  from t h e  o u t e r  edge of t he  j o i n t ,  t h e  curve drawn through the  

da t a  f o r  60 foot-pounds torque e x h i b i t s  a sharp  break  which i s  not  ev i -  

dent i n  t h e  c a l i b r a t i o n  curve.  (The c a l i b r a t i o n  cu rve ,  aga in ,  r e p r e s e n t s  

da t a  taken with t h e  b o l t  and nut  fas tened  f i n g e r - t i g h t . )  I f  3.45 inches 

i s  taken as t h e  break poin t  i n  t h e  curve ,  then ro i s  0.55 inches .  

s i g n i f i c a n c e  of t h i s  va lue  w i l l  be d iscussed  l a t e r .  

The 

There i s  one no t i ceab le  d i f f e r e n c e  between Figures  IV-9 and IV-10. 

The absc i s sa  i n  F igure  IV-9 i s  dimensioned i n  minutes;  t h a t  i n  F igure  

IV-10, i n  seconds.  For Figure IV-9, an o i l  pene t r a t ion  d i s t ance  of 

3.5 inches was obtained i n  10 minutes,  bu t  f o r  F igure  IV-10, t he  same 
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d i s t a n c e  was reached i n  only  15 seconds. The longer  times i n  F igure  IV-9 

were obta ined  wi th  Whatman No. 1 f i l t e r  paper be fo re  the supply of t h i s  

paper grade was exhausted, 

the coa r se r  Whatman N o .  30 f i l t e r  paper. I n  s t u d i e s  o f  t h i s  n a t u r e ,  bo th  

grades o f  f i l t e r  pape r  have advantages although t h e  r e s u l t s  ob ta ined  wi th  

t h e  No. 1 grade are cons idered  more accu ra t e .  

The d a t a  i n  Figure IV-10 was obta ined  wi th  

The o i l  pene t r a t ion  d a t a  obta ined  fo r  t he  l a p  j o i n t  (Figure I V - 8 )  

i s  shown i n  Figure I V - 1 1 .  The p l a t e s  were fas tened  wi th  two o f  t h e  5/8- 

inch  diameter button-head b o l t s  and hexagonal n u t s  prev ious ly  descr ibed .  

Fas ten ing  torques  o f  40, 75, and 120 'foot-pounds were app l i ed  but any 

poss ib l e  torque e f f e c t  i s  obscured by t h e  s c a t t e r  i n  t h e  experimental  

d a t a .  Whatman No. 5 f i l t e r  paper was used h e r e .  The c a l i b r a t i o n  was 

done wi th  t h e  b o l t s  and n u t s  f a s t ened  hand- t igh t .  

A break po in t  between 0.50 and 0.60 inches  from the  j o i n t  edge was 

found i n  t h i s  i n s t a n c e .  I f  a va lue  of 0.55 i s  assumed, then r0 i s  0.95 

inches ,  This va lue  w i l l  a l s o  be d iscussed  l a t e r .  

2) O i l  P ressure  Measurements: 

O i l -p re s su re  measurements were made wi th  two aluminum j o i n t s  and 

one s t a i n l e s s  s tee l  j o i n t  t o  ob ta in  a more d e f i n i t i v e  va lue  o f  rcJ f o r  

l a p  j o i n t s  and make q u a n t i t a t i v e  measurements of t h e  i n t e r f a c e  stress 

d i s t r i b u t i o n s .  The technique was s imi la r  t o  t h a t  used t o  study bolthead 

s t r e s s e s  (Chapter 111). One o f  t h e  s t ee l  and one o f  t h e  aluminum plates  

are shown i n  F igure  IV-12. The r e s u l t s  are presented  i n  F igures  IV-13, 

I V - 1 4 ,  and IV-15. 

From Figures  IV-13 and I V - 1 4  i t  i s  apparent t h a t  t h e  i n t e r f a c e  

stress drops t o  ze ro  about 1.00 t o  1.05 inches  from t h e  b o l t  c e n t e r .  

This compares c l o s e l y  w i t h  t h e  0.95 inches  obta ined  dur ing  o i l  p e n e t r a t i o n  
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measurements. Apparently,  t he  measurements were made only i n  t h e  reg ion  

where t h e  i n t e r f a c e  stress drops o f f .  The pressure  could not  be  measured 

any c l o s e r  t o  the  bol thead  due t o  i n t e r f e r e n c e  of  t he  bol thead  wi th  t h e  

pressure  f i t t i n g .  

The dashed l i n e  i n  both f i g u r e s  i s  t h e  stress d i s t r i b u t i o n  ca lcu-  

l a t e d  from Sneddon's approximation f o r  t h e  case i n  which (rb - r, ) / b  = 1 / 2 .  

For t h a t  case Sneddon gave a va lue  of 3 .0  t o  t h e  r a t i o  (zr 1 ::I. For 

t h e  j o i n t s  i n  ques t ion ,  t h e  va lue  of (rh - r , ) / b  was 0.89. The r a t i o  

(:: 1 :I) f e l l  between 3.10 and 3.32,  Thus, Sneddon's curve should ind i -  

c a t e  only the  genera l  na tu re  of t h e  Stress d i s t r i b u t i o n .  The experimen- 

t a l  d a t a ,  d e s p i t e  t he  cons iderable  s c a t t e r ,  fol low the  genera l  t r end  of 

the  t h e o r e t i c a l  curve.  

Figure IV-15 was p l o t t e d  from measurements on the  l / 4 - inch  aluminum 

p l a t e s  j o ined  by two 3/8- inch button-head b o l t s  wi th  hexagonal n u t s .  

Here, because of t h e  d a t a  obta ined  f o r  t h e  l - i n c h  button-head b o l t ,  t he  

r a d i a l  e x t e n t  of t he  loads under the  bol theads  was taken t o  be 0.32 

inches (0.07 inches i n s i d e  the  bol thead  per imeter ) .  With t h i s  as t h e  

va lue  of r h  and rcT = 0.8 (from t h e  pressure  d a t a ) ,  t h e  r a t i o  (rh - r b ) / b  

i s  0.528 and the  r a t i o  ( z y  1 z : )  i s  3.88. Again, t h i s  r a t i o  i s  h igher  

than t h a t  p red ic t ed  by Sneddon's approximation. 

A t  t h i s  po in t  a summary of t h e  newly obtained ro va lues ,  compared 

with va lues  p red ic t ed  by t h e  t h e o r i e s  of Sneddon and Fernlund and mea- 

sured by o t h e r s  would be very  h e l p f u l .  Table I V - 2  and Figure IV-16 pro- 

v ide  such a summary and a comparison. 

A x2 t es t  was performed us ing  t h e  new ro da ta  t o  determine how we l l  

t he  curve based on Sneddon's theory  f i t s  t h i s  d a t a .  It  was found t h a t  

2 t h e  f i t  was good wi th  a p r o b a b i l i t y  of  90 percent  (&.lo). However, 
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1. 

2 .  

3 .  
03 

0.25 

2 .oo 
0.53 

0.89 

0.89 

0.89 

1 . 3 8  

2.62 

Table I V - 2  

VALUES OF rc AS DETERMINED BY VARIOUS INVESTIGATORS 

3 .O 

2 .o 
1.6 

1 .4  

1 .o 
5.6 

1.83 

3.88 

3.32 

3.10 

2.88 

1 . 7 8  

1 . 2 7  

Type of Data 

Theoretical 

The0 r e t i c a.1 

Theoretical 

Theoretical 

Theoretical 

Theor. & Oil Press. 

Photoe lastic 

Oil Pressure 
Oil Pressure 

Oil Pressure 
Oil Penetration 

Oil Penetration 

Oil Penetration 

Source 

Sneddon (61) 

Sneddon (61) 
Sneddon (61) 

Sneddon (61) 

Sneddon (61) 

Fernlund (60) 

Aron & Colombo (63) 

This Study 

This Study 

This Study 
This Study 

This Study 

This Study 

better agreement is needed between theory and experiment. Because pre- 

dictions of the plate deflection are extremely sensitive t o  the values 

of rG, more experimental information is needed as well as further theo- 

retical investigation. 

C. Plate Deflection Measurements 

As previously mentioned, direct measurements to check the plate 

deflection analysis were planned. Numerous attempts were made to measure 

joint gap thicknesses before a successful method was found. 

The UCLA report (42) describes several techniques that had been used 

to measure the gap between riveted plates. In one method, the individual 

plate thicknesses, before riveting, and the thickness of the riveted 

joint, after riveting, were measured with a micrometer. Another method 
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r equ i r ed  th i ckness  measurements of a g e l a t i n  f i l m  formed i n  the  i n t e r f a c e  

a f t e r  t h e  j o i n t  had been assembled i n  a ho t  g e l a t i n  b a t h ,  removed from 

the  b a t h ,  and allowed t o  coo l .  Af t e r  t h e  j o i n t  was disassembled, t h e  

g e l a t i n  f i l m  was removed and measured. I n  the  r e p o r t  by Lindh e t  a l .  

(42) ,  it i s  s t a t e d  t h a t  t h e  g e l a t i n  f i l m  method was n o t  very u s e f u l ,  b u t  

t h a t  d i r e c t  measurement wi th  a micrometer was success fu l .  

Because d i r e c t  micrometer measurement seemed easier ,  t he  UCLA method 

w a s  t r i e d  f i r s t ,  b u t  without  t he  measurement o f  t h e  ind iv idua l  p l a t e  

th icknesses  before  assembly. I n s t e a d ,  t he  t o t a l  j o i n t  th ickness  was 

measured f o r  i n i t i a l  read ings  wi th  the  j o i n t  b o l t e d  f i n g e r - t i g h t .  

e v e r ,  i n  t h e  s e v e r a l  j o i n t s  t r i e d ,  t he  micrometer con tac t  p r e s s u r e  c losed  

any e x i s t i n g  gap between t h e  p l a t e s  (due t o  warping). Thus, an accura te  

How- 

base f o r  measuring gap th ickness  o r  p l a t e  d e f l e c t i o n  was impossible  and 

no worthwhile d a t a  could be obta ined .  It i s  no t  known how the  UCLA 

experimenters overcame t h i s  problem. 

The g e l a t i n  f i l m  method, t r i e d  n e x t ,  a l s o  was unsuccessfu l .  Even 

a f t e r  remaining i n  a r e f r i g e r a t o r  f o r  t h r e e  days,  t he  g e l a t i n  between the  

p l a t e s  was s t i l l  s o f t  when the  p la tes  were sepa ra t ed .  The g e l a t i n  f i lm  

hardened on t h e  separa ted  p l a t e s  only when they were l e f t  i n  t h e  r e f r i g -  

e r a t o r  f o r  one day,  The r e s u l t s  from t h e  f i lm  hardened i n  t h i s  manner 

i n d i c a t e d ,  however, t h a t  l o c a l  changes i n  f i l m  th ickness  took place 

during the  hardening process .  

P l a t e  d e f l e c t i o n s  were f i n a l l y  obta ined  wi th  a modified d i r e c t -  

measurement technique f o r  an 8-inch c i r c u l a r  j o i n t  and an 8-inch square 

j o i n t .  

fas tened  wi th  a 5/8-inch hex-head b o l t  and n u t .  (This  i s  t h e  same combi- 

na t ion  t h a t  was used t o  ob ta in  the  o i l  pene t r a t ion  d a t a  o f  Figure I V - 1 0 . )  

I n  both  cases, t h e  p l a t e s  were 0.072-inch t h i c k  aluminum a l l o y  
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Afte r  t h e  p la tes  had been assembled and t h e  b o l t  had been torqued 

t o  the  d e s i r e d  t e n s i o n ,  t h e  j o i n t  was placed i n  a h o t  g e l a t i n  b a t h  and 

allowed t o  come t o  thermal equ i l ib r ium.  The j o i n t  was then removed, 

immediately placed i n  a r e f r i g e r a t o r ,  and allowed t o  coo l .  Af t e r  24 

hours ,  the j o i n t  was taken from t h e  r e f r i g e r a t o r .  The g e l a t i n  f i l m  on 

t h e  o u t s i d e  of t h e  p l a t e s  was quick ly  removed and t h e  j o i n t  then r e tu rned  

t o  t h e  r e f r i g e r a t o r  f o r  about an hour t o  prevent so f t en ing  o f  t h e  s o l i d  

g e l a t i n  i n  t h e  i n t e r f a c e  gap near  t h e  edges.  

The j o i n t  was p e r i o d i c a l l y  r e tu rned  t o  t h e  r e f r i g e r a t o r  between 

measurement s e s s i o n s  t o  prevent g e l a t i n  so f t en ing .  The r e s u l t s  from t h i s  

method are p l o t t e d  i n  Figure I V - 1 7 .  Each po in t  i s  the  average of e i g h t  

measurements a t  t he  perimeter of t h e  8-inch p l a t e s .  Each gap th i ckness  

p l o t t e d  h e r e  was determined by s u b t r a c t i n g  t h e  j o i n t  t h i ckness  a t 1 0  foot -  

pounds of  torque from t h a t  measured a t  h igher  to rques .  (A 10 foot-pounds 

torque as a r e fe rence  was found t o  y i e l d  more r epea tab le  i n i t i a l  d a t a  

then unmeasured hand- t i g h t e n i n g .  ) 

Also shown i n  F igure  I V - 1 7  f o r  comparison are gap th i cknesses  de t e r -  

mined by t h e  computer program previous ly  mentioned. Gap th i cknesses  were 

computed wi th  assumed ra va lues  o f  0.53, 0.54,  and 0.55. Obviously, a 

small e r r o r  i n  the  ro va lue  w i l l  g r e a t l y  a f f e c t  any poss ib l e  c o r r e l a t i o n  

of computed and measured gaps .  

From t h e  o i l  pene t r a t ion  d a t a  of F igure  I V - 1 0 ,  any va lue  f o r  ro 

between 0.53 and 0.57 inches  would be reasonable ,  as w e l l  a s  t h e  mean, 

0.55 inches ,  p rev ious ly  suggested.  A va lue  o f  0 .54 inches ,  however, i s  

more i n  agreement wi th  t h e  experimental  d a t a  of F igure  I V - 1 6 .  The curve 

i n  F igure  IV-16 based on Sneddon's theory  y i e l d s  a va lue  f o r  rG of 0.600, 

which i s  obviously t o o  h igh .  
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It should be noted t h a t  t h e  d a t a  f o r  t he  square p l a t e  f e l l  lower 

(below t h e  c i r c u l a r  p l a t e  da ta )  than a n t i c i p a t e d  from the  theory .  How- 

ever, t he  a p p l i c a t i o n  of c i r c u l a r  p l a t e  theory  t o  a square p l a t e  evi- 

den t ly  produces d e f l e c t i o n s  wi th  acceptab le  accuracy,  cons ider ing  t h a t  

t he  va lue  of ro i s  not  known so  accu ra t e ly  i t s e l f .  

I n  the  computation of  the  gap th icknesses  shown i n  Figure IV-17 i t  

w a s  necessary t o  determine the i n t e r f a c e  stress d i s t r i b u t i o n .  The method 

used t o  do t h i s  i s  d iscussed  i n  t h e  next  s e c t i o n .  

D .  Ca lcu la t ion  of t h e  I n t e r f a c e  S t r e s s  D i s t r i b u t i o n  

E a r l i e r ,  i t  was mentioned t h a t  very l i t t l e  information had been 

found regard ing  the  stress d i s t r i b u t i o n  i n  the  j o i n t  i n t e r f a c e ,  I n  f a c t ,  

t he  t h e o r e t i c a l  work of Sneddon and Fernlund and t h e  one experiment of  

Fernlund fu rn i sh  a l l  t he  da t a  a v a i l a b l e  a t  t h i s  w r i t i n g .  The a t t e m p t  

(descr ibed  e a r l i e r  i n  t h i s  chapter )  t o  ob ta in  complete experimental  d a t a  

f o r  t h i n  p l a t e s  was unsuccessful  because of t h e  proximity of ro t o  the  

edge of  the  bol thead .  An approximation f o r  the i n t e r f a c e  stress d i s t r i -  

but ion i s  t h e r e f o r e  necessary t o  determine p l a t e  d e f l e c t i o n s .  

Fernlund (60) has demonstrated a s i m p l i f i e d  approach f o r  ob ta in ing  

i n t e r f a c e  stresses i n  t h i c k  plates  when both t h e  t o t a l  bo l thead  load and 

ro are known. The stress i s  descr ibed  by a four th-order  polynomial whose 

c o e f f i c i e n t s  a r e  determined from four  assumed boundary condi t ions  and the  

known c o n s t r a i n t s .  Assuming t h e  s lope  o f  t h e  stress curve t o  be hor i -  

zon ta l  a t  r = ra and a t  r = rg and the s t r e s s  func t ion  and i t s  second 

d e r i v a t i v e  wi th  respect t o  r t o  be equal  t o  zero a t  r = ro, Fernlund 

showed t h a t  t h e  r e s u l t i n g  stress d i s t r i b u t i o n  c l o s e l y  approximated t h e  

exact s o l u t i o n  f o r  t h e  case he considered.  
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I n  the  numerical  example t o  which Fernlund app l i ed  h i s  s i m p l i f i e d  

method, b = Z r ,  , thus  making (ra - r h )  more than  four  t i m e s  as l a r g e  as 

(rh - r , ) ,  Such i s  not  t h e  case f o r  t h i n  p la tes .  

For t h e  8- inch X 0.072-inch aluminum j o i n t  j u s t  d i scussed ,  

( r h  - r,) = 0.188 inches and (ra - rh)  v a r i e d  from 0.03 t o  0.05 inches .  

I n t e r f a c e  stress d i s t r i b u t i o n s  were c a l c u l a t e d  f o r  t he  two cases of 

(ro - rh) = 0.03 and 0.05 (ra = 0.53 and 0.55) by Fernlund's s i m p l i f i e d  

method as w e l l  a s  by an approximate one b e t t e r  s u i t e d  t o  t h i n  p l a t e s .  

The r e s u l t s  are shown i n  Figure I V - 1 8 .  

This  approximate method, developed i n  t h i s  s tudy ,  assumes t h a t  t he  

i n t e r f a c e  s t ress  d i s t r i b u t i o n  i s  i d e n t i c a l  t o  the  bol thead  stress d i s t r i -  

bu t ion  between r = rs and r = ( 2 r h  - ro) . Between r = (2rh - ro) and 

r = r the  d i s t r i b u t i o n  i s  modified t o  s a t i s f y  s t a t i c  equi l ibr ium.  0' 

To ob ta in  a f u r t h e r  comparison between Fern lund ' s  s impl i f i ed  method 

and the  approximate method, p l a t e  d e f l e c t i o n s  were c a l c u l a t e d  using the  

stress d i s t r i b u t i o n s  of Figure IV-18. The s t r e s s e s  obtained with 

Fernlund' s s i m p l i f i e d  method caused p l a t e  d e f l e c t i o n s  1-4 x lo" l a r g e r  

than those produced by t h e  s t r e s s e s  obta ined  wi th  the  approximate method. 

Since t h e  d e f l e c t i o n  c a l c u l a t e d  wi th  the stresses from the  approximate 

method using ro = 0.53 and 0.55 agrees  a t  worst  wi th  measured p l a t e  

d e f l e c t i o n s  wi th in  80 pe rcen t ,  it i s  c l e a r  then  Fern lund ' s  s impl i f i ed  

method i s  not  adequate f o r  t h i n  p la tes .  

I n  t h e  next  chapter  Fernlund 's  s i m p l i f i e d  method w i l l  be app l i ed  t o  

a case  on the  bo rde r l ine  between t h i c k  and t h i n  p la tes  where i t  was found 

t o  be adequate.  
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CHAPTER V 

J O I N T  INTERFACE THERMAL CONDUCTANCE 

I n  Chapter 11, a t t e n t i o n  was centered  on t h e  major d i f f i c u l t i e s  i n  

p r e d i c t i n g  the  thermal conductance of a j o i n t  i n t e r f a c e ,  a f t e r  a b r i e f  

d i scuss ion  had been given on the  na tu re  of h e a t  t r a n s f e r  across b o l t e d  

j o i n t s .  Experimental and t h e o r e t i c a l  i n v e s t i g a t i o n s  t o  provide addi- 

t i o n a l  information on the  i n t e r f a c e  stress d i s t r i b u t i o n  and the  width of 

t he  i n t e r f a c e  gap ,  were descr ibed  i n  Chapters 111 and I V .  

The r e s u l t s  of t hese  inves t iga t i .ons  w i l l  now be used i n  an a n a l y s i s  

of t h e  i n t e r f a c e  thermal conductance of two b o l t e d  j o i n t s .  F i r s t ,  t he  

e n t i r e  h e a t  t r a n s f e r  problem and the  gene ra l  approach t o  i t s  s o l u t i o n  

w i l l  be reviewed and then the  s p e c i f i c  d e t a i l s  of t h e  s o l u t i o n  w i l l  be 

ou t l ined .  An experimental  i n v e s t i g a t i o n  of t h e  temperature d i s t r i b u t i o n  

i n  two b o l t e d  j o i n t s  w i l l  be descr ibed and the  r e s u l t s  repor ted .  A 

f i n i t e - d i f f e r e n c e  h e a t  t r a n s f e r  a n a l y s i s  incorpora t ing  t h e o r e t i c a l l y  

determined va lues  of t he  i n t e r f a c e  conductance w i l l  then be descr ibed .  

F i n a l l y ,  t he  experimental  and the  computed va lues  of t he  i n t e r f a c e  tem- 

pe ra tu re  g rad ien t s  w i l l  be compared. 

A .  Mathematical Model of  J o i n t  Heat Transfer  

A mathematical model of  a t y p i c a l ,  s i m p l e  b o l t e d  j o i n t  was formu- 

l a t e d  i n  o rde r  t o  a r r i v e  a t  a technique t h a t  would adequately desc r ibe  

the  i n t e r f a c i a l  h e a t  t r a n s f e r .  The a c t u a l  j o i n t  considered i s  sketched 

i n  I l l u s t r a t i o n  V - 1 .  Because t h e  i n t e r f a c i a l  h e a t  t r a n s f e r  i s  of  primary 

i n t e r e s t  (and no t  t h e  e n t i r e  j o i n t )  t h e  b o l t s  were e l imina ted  t o  g ive  

the  s impl i f i ed  model shown i n  I l l u s t r a t i o n  V-2. Due t o  symmetry, t he  

model can be f u r t h e r  r e f i n e d  ( I l l u s t r a t i o n  V - 3 ) .  
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I l l u s t r a t i o n  V - 1  Lap J o i n t  Under I n v e s t i g a t i o n  

f’ 

1 I ‘---I I J--- 
!2 a? 

I l l u s t r a t i o n  V-2 
S imp li f i ed  Mode 1 

I l l u s t r a t i o n  V - 3  
F u r t h e r  S impl i f i ed  Model 
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A r e c t i l i n e a r  coord ina te  system i s  employed i n  I l l u s t r a t i o n  V - 3 .  

The top  p l a t e  i s  des igna ted  *'I*' and t h e  bottom, "2". The d i f f e r e n t i a l  

equat ions f o r  t he  s t e a d y - s t a t e  temperature  d i s t r i b u t i o n  i n  t h e  two 

p l a t e s  are 

and 

htl  and & C(xyy) i s  the  i n t e r f a c e  thermal conductance; 

h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  h e a t  exchange wi th  the  surroundings.  The 

a r e  the  t o t a l  
2 

boundary condi t ions  a re :  

P l a t e  1 dT1 91 
dx k l  x = - x 1 ;  - = - -  

P l a t e  2 

y = o  

Y = Y 1  

Y 

Y 

dT2 
dY 

y = y l  ; - = o  

The na tu re  of C ,  htl , and & a  i n  equat ions  V - 1  and V-2 must f i r s t  

be considered.  From Chapter I V Y  i t  i s  apparent  t h a t  t h e  i n t e r f a c e  
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conductance w i l l  e x h i b i t  an approximately c i r c u l a r  symmetry on account 

o f  t h e  symmetry of t he  b o l t  stresses and t h e  r e s u l t i n g  i n t e r f a c e  stresses 

and gap. Thus C(x,y) would have t o  be approximated by a t r igonometr ic  

series whose complexity would depend on t h e  na tu re  of  the  i n t e r f a c e  

stresses. The v a r i a b l e s  htl and htz are even more d i f f i c u l t  t o  handle 

because t h e i r  r a d i a t i o n  components are cubic  func t ions  of t h e  temperature .  

A closed-form s o l u t i o n  of equat ions  V - 1  and V-2 i s , m o s t  l i k e l y  no t  possi-  

b l e .  However, a s o l u t i o n  i s  r e a d i l y  obtained i f  a f i n i t e - d i f f e r e n c e  

approach i s  used. Two of  t he  many f i n i t e - d i f f e r e n c e  programs now i n  

wide use t h a t  were used i n  t h i s  s tudy are descr ibed  i n  r e fe rences  1 and 

69. 

I n  order  t o  u t i l i z e  a f i n i t e - d i f f e r e n c e  s o l u t i o n ,  t h e  two plates  

must be d iv ided  i n t o  nodes; t he  i n t e r f a c e  conductance m u s t  then  be 

descr ibed  f o r  each p a i r  o f  i n t e r f a c e  nodes.  A s  t he  f i r s t  s t e p ,  bo th  the  

reg ions  of  apparent con tac t  and the  pressure  i n  these  reg ions  must be 

determined and the  i n t e r f a c e  gap c a l c u l a t e d  as a func t ion  of p o s i t i o n .  

Methods developed t o  do t h i s  have a l ready  been d iscussed  i n  Chapter I V .  

Af t e r  the  con tac t  areas and pressures  and the  i n t e r f a c e  gap th ickness  

a r e  e s t a b l i s h e d ,  t h e  i n t e r f a c e  conductance must be determined a s  a func- 

t i o n  of node l o c a t i o n .  A method developed t o  do t h i s  w i l l  be  taken up 

i n  t he  following paragraphs.  

B .  Thermal Conductance i n  the  Contact Zone 

Chapter I1 con ta ins  a lengthy review of t h e  experimental  work t h a t  

has been done t o  determine the  thermal conductance ac ross  c o n t a c t s .  

Much experimental  d a t a  e x i s t s ,  b u t  due t o  the  d i s p a r i t i e s  i n  i t ,  i t s  

app l i ca t ion  i s  d i f f i c u l t .  I n  r e fe rence  48, a recommended approach i s  
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o u t l i n e d  and was employed i n  t h i s  s tudy .  This  approach, d i scussed  i n  

Chapter 11, i s  only b r i e f l y  o u t l i n e d  he re .  

I I n  t h e  con tac t  zone, t h e  thermal conductance i s  given by equat ion  

11-25 as 

(11- 25) 

To employ t h i s  equa t ion ,  t he  thermal conduc t iv i ty  of t he  j o i n t  material ,  

k,,,, must be known. The thermal conduct iv i ty  of  t h e  i n t e r f a c e  f l u i d ,  kf , 

i s  usua l ly  known o r  can be r e a d i l y  c a l c u l a t e d ,  as d iscussed  i n  Chapter 11. 

I f  the R.M.S. va lues  of su r face  roughness and waviness are known, then 

they can be added and ( i A  + i B )  determined. 

are a v a i l a b l e ,  Figure 1 1 - 7  can be used t o  ob ta in  an estimate f o r  iA and 

ie . 
using the  computed va lue  o f  the  con tac t  p re s su re .  

I f  only the  roughness va lues  

An es t ima te  f o r  t h e  va lue  o f  na  can be obta ined  from Figure 11-6,  

I n  l i e u  of  using equat ion 11-25, the  experimental  curves  compiled 

i n  r e fe rence  48 can be  used.  Equation 11-25 was employed t o  c a l c u l a t e  

the  thermal conductances i n  the  con tac t  zone f o r  u s e  i n  the  f i n i t e  

d i f f e r e n c e  a n a l y s i s  d i scussed  i n  Sect ion E .  

C .  Thermal Conductance i n  the  Separated Zone 

I n  the  d iscuss ion  on con tac t s  i n  Chapter 11, i t  was shown t h a t  t he  

conductance i n  t h e  separa ted  zone ( i n t e r f a c e  gap) can be d iv ided  i n t o  

th ree  components. It w a s  shown t h a t ,  i n  most cases, convection i s  not  

poss ib l e  and r a d i a t i o n  may be neglec ted .  I f  r a d i a t i o n  must be considered,  

then the  gap conductance can be  w r i t t e n  as 

c, = CR + CD = 4 ~ + ~ ]  
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where bR i s  given by equat ion  11-7 as 

(11- 7) 

I n  t h e  f i n i t e  d i f f e r e n c e  hea t  t r a n s f e r  ana lyses  ( t o  be d iscussed  i n  

Sect ion E) o f  t h e  two j o i n t s  f o r  which experimental  d a t a  was obta ined ,  

four  s i t u a t i o n s  were considered.  These four  involved both  the  aluminum 

and s t a i n l e s s  s t e e l  j o i n t s  a t  ambient p re s su re  and i n  vacuum. For t h e  

ambient pressure  cases SR z 19006 f o r  t h e  aluminum j o i n t  and 20006 f o r  

t he  s t a i n l e s s  s tee l  j o i n t .  Thus the re  was no ques t ion  t h a t  the  h e a t  

t r a n s f e r  by r a d i a t i o n  ac ross  t h e  i n t e r f a c e  gap could be neglec ted .  For 

the vacuum cases  6, E 706 f o r  t h e  aluminum j o i n t  and 306 f o r  the  s t a i n -  

less s t ee l  j o i n t .  Here again i t  was poss ib l e  t o  neg lec t  i n t e r f a c i a l  h e a t  

t r a n s f e r  by r a d i a t i o n ,  without  in t roducing  an e r r o r  i n  the  value o f  Cg 

g r e a t e r  than about 3 percen t .  

In cases  involv ing  h igh  vacuum condi t ions  the  r a t i o  of 6, t o  2 i s  

s i g n i f i c a n t  and 6, has t o  be incorpora ted  i n t o  the  express ion  f o r  C, 

(equat ion V-5). 

methods developed i n  Chapter IV, C, can be c a l c u l a t e d .  

I n  any c a s e ,  once s has been determined using the  

D .  Experimental Measurements--Thermal Conductance of Bolted J o i n t s  

A series o f  hea t  t r a n s f e r  experiments were conducted under con- 

t r o l l e d  condi t ions  t o  measure t h e  temperature  d i s t r i b u t i o n  i n  two bo l t ed  

j o i n t s  fo r  a v e r i f i c a t i o n  of  t he  a n a l y t i c a l  methods developed h e r e i n  t o  

handle such a problem. Two l ap  j o i n t s ,  one of  6061'16 aluminum and one 

of 304 s t a i n l e s s  s t ee l ,  were t e s t e d .  

The aluminum j o i n t  cons i s t ed  of  two 7-inch X 2-inch X l / 4 - inch  

p l a t e s ;  t h e  s t a i n l e s s  s tee l  p l a t e s  were t h e  same length  and width,  bu t  
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were only 11’8 i nch  t h i c k .  Each p l a t e  had seventeen 0.062-inch diameter 

ho les  d r i l l e d  approximately 1/8 i n c h  deep f o r  connecting Conax 32 gauge 

copper-constantan grounded thermocouples. 

num ho t - s ide  p l a t e s  a r e  shown i n  F igure  V-1; bo th  t h e  hot- and co ld-s ide  

The s t a i n l e s s  steel and alumi- 

aluminum p l a t e s  are shown i n  F igure  V-2. I l l u s t r a t i o n  V-4 i s  a s e c t i o n  

L304 SS SHEATH 

ILLUSTRATION V-4 Cross Sec t ion  of Conax Thermocouple 

of t h e  thermocouples. The assembled aluminum j o i n t ,  along wi th  t h e  hot- 

s i d e  c i r c u l a r  hea t ing  element (Chromalox, I n c . ) ,  i s  shown i n  F igure  V - 3 .  

The co ld - s ide  aluminum p l a t e  and i t s  coo lan t  p l a t e  a r e  shown i n  F igure  

V-4. Cooling water was fed through the  coolan t  p l a t e  wi th  t h e  poly- 

e thylene  tub ing  t h a t  i s  v i s i b l e  i n  Figure V-3. 

The whole appa ra tus ,  wi th  t h e  aluminum j o i n t  i n  p l ace  f o r  tempera- 

t u r e  measurements, i s  shown i n  F igures  V-5, V-6, and V-7. The aluminum 

b e l l  j a r  used f o r  measurements a t  ambient p re s su re ,  as w e l l  as i n  vacuum, 

i s  v i s i b l e  i n  F igure  V-6. (More c o n s i s t e n t  r e s u l t s  were obta ined  wi th  

the  b e l l  j a r  i n  p lace  f o r  measurements a t  ambient p re s su re  due t o  t h e  

avoidance of  a i r  c u r r e n t s  c r e a t e d  i n  t h e  room by a c i r c u l a t i n g  f an . )  

I n  Figure V - 7 ,  a close-up view of t h e  aluminum j o i n t  shows t h e  

method of thermocouple i n s t a l l a t i o n .  This attachment method f o r  t hese  

thermocouples does n o t  i n t roduce  any s i g n i f i c a n t  e r r o r  because of t h e  
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FIGURE STAINLESS STEEL AND ALUMINUM 
v- I PLATES FOR HEAT TRANSFER STUDY 

FIGURE V4-INCH HOT AND COLD SIDE ALUMINUM 
v-2 PLATES FOR HEAT TRANSFER STUDY 
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FIGURE ALUMINUM JOINT USED IN 
Q- 3 HEAT TRANSFER STUDY 

FIGURE COLD-SIDE PLATE DISASSEMBLED TO 
v- 4 SHOW COOLANT PLATE AND GASKET, 
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FIGURE EXPERIMENTAL ARRANGEMENT FOR HEAT 
v- 5 TRANSFER STUDY (BELL JAR REMOVED) 

FIGURE EXPERIMENTAL ARRANGEMENT FOR HEAT 
V- 6 TRANSFER STUDY (BELL JAR IN PLACE) 



128 

FIGURE CLOSE-UP VIEW- ALUIVIII\IUIVI JOINT 
v- 7 INSTALLED FOR HEAT TRANSFER STUDY 
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ceramic i n s u l a t i o n  shea th  around t h e  thermocouple wires ( I l l u s t r a t i o n  

V - 4 ) .  

f i t  f o r  t he  thermocouple t i p s .  Where t h e  f i t  was n o t  t i g h t ,  t h i n  

aluminum f o i l  was used t o  shim the  h o l e s .  

The ho le s  i n  the  p l a t e s  were d r i l l e d  t o  provide an i n t e r f e r e n c e  

The flow of  t he  cool ing  water was r egu la t ed  by a manually opera ted  

va lve .  The i n l e t  and o u t l e t  water temperatures  were measured a t  two 

b ras s  coupl ings ( i n s u l a t e d  during tes ts)  i n  t h e  polyethylene l i n e s  (Fig- 

ure V-7). 

with monitoring of t he  vo l t age  and c u r r e n t .  The output  from the  36 ther -  

mocouples was r e g i s t e r e d  by two Minneapolis-Honeywell r eco rde r s .  

t e s t s  i n  a vacuum, the  b e l l  j a r  was evacuated t o  a pressure  between 100 

and 300 microns of mercury. 

vacuum gauge. ) 

The e l e c t r i c a l  hea t ing  element was c o n t r o l l e d  by a v a r i a c  

For 

(Pressures  were read  with a CVC thermocouple 

Af te r  t he  thermocouples had been i n s t a l l e d  i n  the  b e l l  j a r  but  

before  they were i n s e r t e d  i n t o  the  aluminum j o i n t  f o r  the f i r s t  t e s t ,  

t he  recorder  ou tputs  f o r  a l l  o f  them were checked a t  32°F by the  inser-  

t i o n  of 1 2  thermocouples a t  one t i m e  i n t o  an i n s u l a t e d  ba th  of  crushed 

i c e .  It w a s  found t h a t  t he  d i f f e r e n c e  between r eco rde r s  was g r e a t e r  than 

t h a t  between thermocouples. Although t h e  thermocouples had a temperature 

output  v a r i a t i o n  among themselves of only f 0.4"F (two thermocouple s e t s ,  

one se t  on each r e c o r d e r ) ,  t he  r eco rde r s  d i f f e r e d  from each o the r  by 

1.7"F. (Before i n s t a l l a t i o n  of t h e  thermocouples t h e  recorder  c a l i b r a -  

t i o n s  had been checked.) Because temperatures  d i f f e r e n c e s  were of prime 

concern,  n o t  abso lu t e  temperature measurements, i t  was concluded t h a t  t h e  

discrepancy between r eco rde r s  would no t  be a s e r i o u s  problem. 

The j o i n t  was allowed t o  come t o  thermal equ i l ib r ium before  the  

des i r ed  s t e a d y - s t a t e  temperatures  were recorded.  This equ i l ib r ium was 
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Heater 
Current - amps 

considered a t t a i n e d  when temperature measurements were r epea tab le  wi th in  

f 0.5"F f o r  a t  l eas t  30 minutes.  A s  expected,  t h e  s t a i n l e s s  s teel  j o i n t  

r equ i r ed  cons iderably  more t i m e  (about 2 hours)  t o  reach thermal equi- 

l ib r ium than  d id  t h e  aluminum j o i n t  which r equ i r ed  only about 30 minutes.  

Ten tes ts  were conducted; n ine  of  t hese  provided a complete set  of 

Heater Flow Rate 
Voltage of  Water 
- v o l t s  - lb,/min 

temperature d a t a .  Table V - 1  summarizes the  most important  measurements, 

S t a i n .  
S t e e l  

II 

o the r  than temperature ,  ob ta ined  during t h e s e  t e s t s .  The same torque 

wrench mentioned i n  Chapter I1 w a s  used t o  t i g h t e n  t h e  j o i n t s .  

The s t e a d y - s t a t e  temperature measurements ob ta ined  i n  the  9 t es t s  

w i l l  no t  be l i s t e d  here ;  they w i l l  be 'g iven  l a t e r  f o r  comparison wi th  

temperatures computed i n  a f i n i t e - d i f f e r e n c e  a n a l y s i s .  F i r s t ,  i t  i s  

necessary t o  descr ibe  the  f i n i t e - d i f f e r e n c e  s t e a d y - s t a t e  h e a t  t r a n s f e r  

technique used t o  ob ta in  the  computed va lues  of j o i n t  temperatures .  

8 

8 

Table V - 1  

SUMMARY OF HEAT TRANSFER TESTS 

Test  
No. 

1 

2 

3 

4 

5 

6 

7 

8 

10 

* B e l l  j 

Torque 
f t -  l b s  J o i n t  

--F- Alum. 

8 

8 

15 

11 

11 

11 

1 l5 
I 1  

11 

I f  I :: 
ar  no t  used. 

~ 

Ambient 
P res s .  - p s i  

14.7 

14.7 

0,0058 

0.0039 

14.7 

0.0019 

14.7 

0.0025 

14.7* 
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E.  F in i te -Dif fe rence  Analysis  

The s i m p l e s t  approach t o  t h e  computation of t h e  temperature 

d i s t r i b u t i o n  i n  a b o l t e d  j o i n t  i s  a f i n i t e - d i f f e r e n c e  approach. The 

three-dimensional s t e a d y - s t a t e  f i n i t e - d i f f e r e n c e  a n a l y s i s  descr ibed  i n  

r e fe rence  69 was used t o  c a l c u l a t e  t h e  t h e o r e t i c a l  va lues  of i n t e r f a c e  

temperature f o r  comparison wi th  t h e  experimental  r e s u l t s .  A s  r equ i r ed  

by the  f i n i t e - d i f f e r e n c e  method the two j o i n t s  were d iv ided  i n t o  a nodal 

network as shown i n  F igure  V - 8 .  The l o c a t i o n s  of  t he  34 thermocouples 

a r e  designated by the  "0" around t h e  node c e n t e r  po in t  t o  i n d i c a t e  where 

measured va lues  of t he  temperature were a v a i l a b l e .  

Nodes 1-37 were t r e a t e d  as var iab le- tempera ture  nodes ( d i f f u s i o n  

nodes);  nodes 38-65 were t r e a t e d  as f ixed-temperature  nodes (boundary 

nodes) .  Conductors 1-22 were i n  p l a t e  1 ,  conductors 23-50 were i n t e r -  

face conductors ,  and conductors 51-59 were equiva len t  conductors f o r  

r a d i a t i o n .  

conductors were necessary i n  t h a t  p l a t e .  For handl ing the  convect ive 

hea t  t r a n s f e r  l o s s e s  and the  hea t  input  from the  hea t ing  element ,  nodes 

1-37 were t r e a t e d  as source nodes. 

Since the  nodes i n  p l a t e  2 were f ixed  temperature nodes, no 

The thermal conduct iv i ty  (k) and emit tance ( 8 )  o f  t h e  j o i n t  mate- 

r i a l s  and t h e  convect ive hea t  t r a n s f e r  c o e f f i c i e n t  (h )  were a l s o  needed 

t o  accu ra t e ly  desc r ibe  t h e  t o t a l  hea t  t r a n s f e r  problem. Because the  

va lues  given i n  t h e  l i t e r a t u r e  would only be estimates i n  t h i s  ca se ,  10 

thermocouples, l oca t ed  i n  the  two p la tes  ou t s ide  of  t h e  l a p  area,  pro- 

vided temperature measurements no t  d i r e c t l y  inf luenced  by the  i n t e r f a c e  

conductance, From t h i s  d a t a ,  t he  cons t an t s  k, e ,  and h were determined 

f o r  t h e  aluminum and s t a i n l e s s  s tee l  j o i n t s .  A summary o f  t he  computed 
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Table V-2 

THERMAL CONDUCTIVITY, EMITTANCE, AND CONVECTIVE FILM COEFFICIENTS 

v a l u e s - i s  given i n  Table V-2 along with es t imated  va lues  taken from t h e  

l i t e r a t u r e .  

The measured va lues  o f  thermal conduct iv i ty  (k)  f o r  both meta ls  and 

the  emit tance (e )  f o r  t h e  s t a i n l e s s  s t e e l  agree  wi th in  about 10 percent  

with prev ious ly  r epor t ed  va lues .  The emit tance f o r  aluminum determined 

from the  j o i n t  d a t a ,  however, appears too  h igh ,  as compared t o  t h e  

l i t e r a t u r e  va lue  f o r  non-anodized 6061 aluminum. Both va lues  of  h a p p e a r  

reasonable ,  bu t  t he  va lue  of h determined f o r  t h e  aluminum j o i n t  appears  

t o 3  low. This  i s  due t o  the  h igh  va lue  of  8 ,  f o r  t h e  aluminum j o i n t ,  

which was used i n  c a l c u l a t i n g  a va lue  f o r  h .  It i s  not  known whether 

the  d i f f e rences  between the  c a l c u l a t e d  va lues  and t h e  va lues  taken from 

the  l i t e r a t u r e  are normal v a r i a t i o n s  i n  the  p r o p e r t i e s  of  t he  m a t e r i a l s ,  
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o r  due t o  e r r o r s  i n  the  temperature and e l e c t r i c a l  power measurements 

and t h e  estimate f o r  h e a t  l o s s e s  around t h e  hea t ing  element.  

For both the  aluminum and s t a i n l e s s  s t ee l  j o i n t s ,  t he  emi t tances  

were determined from the  temperature measurements o u t s i d e  t h e  l a p  a r e a  

and the  computed h e a t  l o s s e s  dur ing  t h e  tes ts  i n  vacua. These emi t tance .  

va lues  were then used i n  computing t h e  convect ive h e a t  t r a n s f e r  c o e f f i -  

c i e n t  from the  temperature measurements ob ta ined  a t  ambient p re s su re .  

Thus, i n  t he  case of t h e  s t a i n l e s s  s t e e l  j o i n t ,  a va lue  of 0 . 3 4  f o r  C ,  

obtained from the  temperature measurements i n  vacuum, was used t o  compute 

a va lue  of 2.55 X lo-* f o r  h from the’ temperature measurements a t  ambient 

p r e s s u r e .  Both of t hese  va lues  were used i n  the  f i n i t e - d i f f e r e n c e  

a n a l y s i s ,  

I n s t e a d  of us ing  a va lue  of 0.59 f o r  t he  emi t tance  of the  aluminum 

j o i n t ,  a va lue  of 1 .74  X was assumed f o r  h and a c o n s i s t e n t  va lue  

f o r  c was computed us ing  t h e  t e m p e r a t u r e  measurements a t  ambient p r e s -  

su re .  The va lue  obta ined ,  0.15, i s  c o n s i s t e n t  wi th  t h a t  given f o r  alumi- 

num by McAdams ( 6 ) .  These va lues  of Q and h were then used i n  t h e  

f i n i t e - d i f f e r e n c e  a n a l y s i s  of t he  aluminum j o i n t .  

The a c t u a l  d i v i s i o n  of t he  h e a t  l o s s e s  i n t o  convection and r a d i a t i o n  

l o s s e s ,  was found t o  be important  i n  the  f i n i t e - d i f f e r e n c e  s t eady- s t a t e  

ana lys i s - - a s  long a s  the  t o t a l  h e a t  l o s s  was accounted f o r .  I n  a d d i t i o n ,  

i f  t he  t o t a l  h e a t  l o s s  ra te  i s  small compared wi th  the  h e a t  t r a n s f e r  r a t e  

ac ross  the  j o i n t ,  no apprec iab le  e r r o r  i s  introduced i n t o  t h e  computed 

i n t e r f a c e  temperature d i f f e r e n c e s .  The computed h e a t  t r a n s f e r  r a t e s  t o  

and from the  j o i n t s  f o r  a l l  10 tests a r e  given i n  Table V - 3 .  

From Table V-3 i t  i s  seen,  t h a t  f o r  t he  aluminum j o i n t  i n  vacuum 

( tes ts  3 and 4 ) ,  t h e  h e a t  loss  ac ross  t h e  j o i n t  was only about 11 percent  
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T e s t  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Table V-3 

CALCULATED J O I N T  HEAT TRANSFER AND LOSS RATES 

Inpu t  Heat 
Rate 

BTU/min 

4.20 

4.20 

3.74 

3.74 

0.58 

0.32 

0.64 

0.33 

0.32 

0.75 

Output Heat 
Rate 

BTU/ m i  n 

3.53 

3.53 

3.33 (3.64)* 

3.33 (3.64)* 

0.13 

0.17 

0.14 

0.18 

0.16 

0.12 

Heat Loss Rate 
a c r o s s  J o i n t  

BTU/ m i  n 

0.67 

0.67 

0.41 (0.10)* 

0.41 (O.lO)* 

0.45 

0.15 

0.50 

0.15 

0.16 

0.63 

*Value used i n  f i n i t e - d i f f e r e n c e  a n a l y s i s .  

of t h e  h e a t  i n p u t .  So, i n  t h i s  case, t h e  change i n  F: from a computed 

va lue  o f  0.59 t o  a computed va lue  of 0.15 reduces t h i s  11 percent  t o  

only about 3 percen t ,  s i n c e  t h e  11 percent va lue  w a s  used t o  compute t h e  

va lue  o f  0.59 f o r  6 .  

A t  t h e  j o i n t  i n t e r f a c e ,  however, t h e  inc rease  i n  h e a t  t r a n s f e r  r a t e  

due t o  t h e  change i n  8 of  from 0.59 t o  0.15 i s  only 4 percen t .  For 

tests 1 and 2 ,  t he  d i f f e r e n c e  i s  much less because the va lue  f o r  t h e  

t o t a l  hea t  l o s s  was r e t a i n e d  which means t h a t  a h igher  va lue  of h was 

used t o  compensate f o r  a lower va lue  of C .  I f  a change i n  c had been 

necessary  f o r  t h e  s t a i n l e s s  s t ee l  j o i n t ,  t he  e r r o r  would have been much 



136 

l a r g e r ;  t he  l o s s e s  ac ross  t h e  j o i n t  i n  tes ts  6 ,  8, and 9 were about 

50 percent  of  t he  i n p u t ,  r a t h e r  than  11 percent .  

To o b t a i n  the  inpu t  rates given i n  Table V - 3 ,  t h e  measured va lues  

of  t h e  hea t ing  element i npu t  were co r rec t ed  f o r  convect ion and r a d i a t i o n  

l o s s e s  about t he  hea t ing  element by use of  t he  c a l c u l a t e d  va lues  of  h 

and 8 .  The h e a t  t r a n s f e r  loss f o r  a l l  34 thermocouples i n s e r t e d  i n  the  

p l a t e s  was found t o  be only 0.008 BTU/min. 

With k, 8 ,  h ,  and q1 determined, t he  only remaining parameters t o  

be determined f o r  use i n  t h e  f i n i t e - d i f f e r e n c e  ana lyses  were the  i n t e r -  

face thermal conductances (conductors  23-50). The va lues  of the  thermal 

conductance between p a i r s  o f  i n t e r f a c e  nodes were obta ined  using equa- 

t i o n  11-25 t o  c a l c u l a t e  C, i n  t h e  con tac t  a r ea  and equat ion V-5 t o  ca l -  

c u l a t e  C, i n  t h e  gap a r e a .  The r e s u l t s  f o r  tests l ,  5 ,  and 8 are given 

i n  Tables V-4, V-5, and V-6. The va lues  of k, f o r  t hese  equat ions  were 

taken from Figures  11-3 and 11-4, and the  va lues  of  iA and i, ( i r r egu-  

l a r i t y  of t h e  p l a t e  su r faces )  were measured with a Prof icorder  (Micro- 

metrical Corpora t ion) .  The average measured va lues  f o r  t he  s t a i n l e s s  

s teel  and aluminum pla tes  a r e  p l o t t e d  i n  Figure 11-6 and a r e  seen t o  

f a l l  w i th in  the  s tandard  dev ia t ion  of t h e  da t a  from re fe rence  48. 

The con tac t  a r e a s  f o r  t he  s t a i n l e s s  s t ee l  and aluminum j o i n t s  were 

determined wi th  va lues  of ro from Figure IV-16. 

repor ted  i n  Chapter 111 f o r  the  l - i nch  button-head b o l t  was ex t r apo la t ed  

t o  the  3/8- inch button-head b o l t  a c t u a l l y  used i n  t h e  j o i n t s .  To ob ta in  

va lues  of  r0 from Figure IV-16, a va lue  of 0.336 inches  f o r  r h  was used 

r a t h e r  than t h e  a c t u a l  bol thead r ad ius  of 0.406 i nches ,  i n  l i n e  wi th  the  

o i l  p ressure  and pene t r a t ion  da ta  obtained f o r  button-head b o l t s  i n  

Chapter 111. 

The experimental  d a t a  
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Sneddon's theory g ives  va lues  f o r  rg of 0.58 and 0.45 f o r  t h e  

aluminum and s t a i n l e s s  s teel  j o i n t s  r e s p e c t i v e l y ,  whereas t h e  curve drawn 

through t h e  experimental  d a t a  from the  p re sen t  s tudy (Figure I V - 1 6 )  g ives  

0.75 and 0.50. 

con tac t  areas and nodal  i n t e r f a c e  conductance va lues .  However, both sets  

were used t o  c a l c u l a t e  p l a t e  d e f l e c t i o n s  and i n t e r f a c e  gap th icknesses .  

Only t h i s  l a t t e r  set of rQ va lues  was used t o  c a l c u l a t e  

- 
Average va lues  of t h e  i n t e r f a c e  gap th i cknesses ,  6 ,  were determined 

from j o i n t  p l a t e  d e f l e c t i o n s  c a l c u l a t e d  using the  a n a l y s i s  developed i n  

t h i s  study and descr ibed i n  Chapter I V Y  and t h e  d i g i t a l  program given i n  

Appendix A .  

gave 50 percent  smal le r  p l a t e  d e f l e c t i o n s  f o r  the  aluminum j o i n t  and 

10 percent  smal le r  d e f l e c t i o n s  f o r  t he  s t a i n l e s s  s t ee l  j o i n t  than def lec-  

t i o n s  obtained with ro values  taken from the  new experimental  curve i n  

the  same f i g u r e .  

were determined from the  new curve f o r  rg. 

and 8 a r e  given i n  Tables V - 4 ,  V-5, and V - 6 .  

The p a i r  of ro va lues  fr'om Sneddon's curve (Figure I V - 1 6 )  

For t he  f i n i t e - d i f f e r e n c e  a n a l y s i s ,  the  va lues  of 6 
The r e s u l t s  f o r  t e s t s  1, 5 ,  

The contac t -a rea  i n t e r f a c e  pressures  were determined with FernliJtId'S 

s impl i f i ed  method d iscussed  i n  Chapter I V .  These pressures fo r  t e s t s  1, 

5 ,  and 8 a r e  given i n  Tables V - 4 ,  V-5, and V - 6 .  This  method was s u i t a b l e  

f o r  the  j o i n t s  under cons idera t ion  because the  va lues  of ( r a  - r ,)  are 

c l o s e  t o  the  va lues  of (rh - r e ) .  

t r i b u t i o n s ,  shown i n  F igures  V-9 and V - 1 0 ,  were used t o  f i n d  va lues  of  

n< from the  curve l abe led  "a r i thme t i c  mean" i n  F igure  11-6.  

The c a l c u l a t e d  i n t e r f a c e  s t r e s s  d i s -  

I n  Tables V - 4 ,  V-5, and V - 6 ,  bes ides  the  va lues  of Cg , C,, s, and 

average con tac t  p re s su re ,  t h e  va lues  of n's; read  f o r  each of  t h e  i n t e r f a c e  

conductors from Figure 11-6 are given.  Also given i n  these  t a b l e s  a r e  
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t he  percentages of t h e  i n t e r f a c e  nodal area i n  which gap conductance (C,) 

occurs  and i n  which con tac t  conductance (C, ) occurs .  

From t h e  t a b l e s ,  i t  i s  apparent  t h a t  t he  conductance between most 

of t he  i n t e r f a c i a l  nodal p a i r s  i s  governed by t h e  equat ion f o r  C g .  This  

i s  e s p e c i a l l y  pronounced i n  t h e  s t a i n l e s s  s teel  j o i n t  ( tests 5 and 8 ) .  

The d i f f e rences  i n  the  average va lues  of t h e  i n t e r f a c e  gap 6 are a l s o  

apparent  from t h e  t h r e e  t a b l e s .  

- 

The d i f f e r e n c e  i n  t h e  va lues  of  s f o r  

t e s t s  5 and 8 i s  due t o  t h e  d i f f e r e n c e  i n  t h e  app l i ed  torque (see 

Table V - 1 ) .  A comparison of t he  va lues  of Cg and nodal i n t e r f a c e  conduc- 

tance f o r  t e s t s  5 and 8 r e v e a l s  t h e  e f f e c t  of i n t e r f a c e  f l u i d  pressure  

on the  magnitude of  t h e  i n t e r f a c e  conductance. 

The va lues  of t he  nodal i n t e r f a c e  conductances r e s u l t i n g  from the  

complete ana lyses  f o r  t h e  9 tes ts  a r e  shown i n  Table V - 7 .  These va lues  

were used i n  the  f i n i t e - d i f f e r e n c e  ana lyses  t o  determine the  i n t e r f a c e  

temperature d i s t r i b u t i o n s .  The computed va lues  of i n t e r f a c e  tempera- 

t u r e s  are given i n  t h e  next  s e c t i o n .  

F. Comparison Between Theore t i ca l  and Measured Values of I n t e r f a c e  
Temperatures 

S teady-s ta te  temperature  d i s t r i b u t i o n s  were c a l c u l a t e d  wi th  the  

f i n i t e - d i f f e r e n c e  computer program ( re fe rence  69) and the  nodal arrange- 

ment shown i n  Figure V - 8 .  The temperature d i s t r i b u t i o n s  were found f o r  

each of  t h e  9 tests us ing  t h e  d a t a  i n  Tables V-2, V-3, and V-7. 

I n  Table V-8 ,  t h e  computed temperatures  f o r  t e s t  1 are t abu la t ed  

f o r  comparison with t h e  measured temperatures ,  which are a l s o  t abu la t ed .  

Similar  t a b l e s  f o r  tes ts  2-10 are given i n  Appendix B .  

A summary of t he  d i f f e rences  between t h e o r e t i c a l  and experimental  

t e m p e r a t u r e  g r a d i e n t s  f o r  a l l  o f  the  tests i s  given i n  Table V - 9 .  
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From Table V - 8  and Appendix B i t  i s  apparent  t h a t  t he  average 

percentage dev ia t ion  between t h e o r e t i c a l  and experimental  va lues  of  AT 

i s  l a r g e  i n  most ca ses .  The o v e r a l l  average dev ia t ion  i s  35 pe rcen t .  

However, it i s  c l e a r  from Table V-9  t h a t  t he  average va lues  o f  t he  abso- 

l u t e  dev ia t ion  are on t h e  o rde r  of  2'F. This i s  wi th in  t h e  l i m i t s  of  

t he  accuracy of t h e  temperature measurements and the  f i n i t e - d i f f e r e n c e  

a n a l y s i s ,  t h e  l a t t e r  being l imi t ed  by the  knowledge of k, h ,  and 6 .  

It should be noted t h a t  where the  temperature g rad ien t  ac ross  the  

i n t e r f a c e  i s  about 10 degrees ,  t h e  percentage e r r o r  i s  only about h a l f  

a s  l a r g e  as the  o v e r a l l  average. (See f o r  example Tables B-2 and 3 - 5 . )  

This f a c t  i n d i c a t e s  t h a t  t he  discrepancy between t h e  t h e o r e t i c a l  and 

experimental  va lues  of AT i s  p a r t l y  due t o  t h e  inaccurac i e s  i n  the t e m -  

pe ra tu re  measurements. The thermocouples employed a r e  r a t e d  a t  *0.75"F 

over a t e m p e r a t u r e  range of  0 t o  200°F. Since a c a l i b r a t i o n  of t h e  

thermocouples i n  p lace  i n  the  b e l l  j a r  was poss ib l e  only a t  32"F, some 

e r r o r  i n  t h e  readings  between thermocouples was expected.  However, from 

Table V-9  i t  i s  obvious t h a t  i n  a l l  of  t he  tes ts  t h e  dev ia t ions  are 

e i t h e r  mostly p o s i t i v e  o r  mostly nega t ive .  One would expect the  e r r o r s  

r e s u l t i n g  from the  thermocouple readings  t o  have more of a random na tu re .  

Thus i t  a p p e a r s  t h a t  most o f  t h e  2°F dev ia t ion  should be a t t r i b u t e d  t o  

the  f i n i t e - d i f f e r e n c e  a n a l y s i s  and s p e c i f i c a l l y ,  t o  t he  u n c e r t a i n t i e s  i n  

k ,  h ,  and C .  

I n  reviewing t h e  l i t e r a t u r e ,  l a r g e  d iscrepancies  were found between 

and wi th in  sets of  experimental  d a t a  f o r  i n t e r f a c e  thermal conductance. 

Agreement t o  wi th in  35 percent  was r a r e l y  found. D i f f i c u l t i e s  i nhe ren t  
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i n  the experimental  measurements are p a r t  o f  t h e  reason .  I n  l i g h t  o f  

t h i s ,  t h e  a n a l y t i c a l  method developed i n  t h i s  study provides a b e t t e r  

method of  ob ta in ing  estimates o f  i n t e r f a c e  thermal conductance va lues  

f o r  des ign  purposes.  
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CHAPTER VI 

SupifplARY OF RESULTS AND RECOMMENDATIONS 

The primary objective of this investigation was the development of 

a practical analytical method of determining the interface thermal con- 

ductance of a bolted joint from a minimum of design information. 

method was developed and its validity demonstrated with experimental data. 

Such a 

In reviewing the literature, it was found that the development of a 

These completely analytical method was hampered by a number of factors. 

included the lack of; (1) experimental.data for the stress distribution 

under boltheads, (2) an experimentally verified method for obtaining the 

stress distribution in the interface of a bolted joint and the region of 

apparent contact, and (3) a theoretical method for predicting the inter- 

face gap when the stresses are known. A comprehensive program combining 

experimental analysis with theory and digital computer calculations was 

undertaken to eliminate the unknowns and to provide the necessary 

analytical techniques. 

A. Stress Analysis and Plate Deflection 

The normal stress distributions under l-inch button- and fillister- 

head bolts were obtained from oil penetration and oil pressure measure- 

ments. (There is not available at this time any other data of this type 

with which to compare the results of these measurements.) It was found 

that the normal stress distribution under a thick fillister-head bolt 

was very nearly uniform under the entire head. 

button-head bolt and a thin fillister-head bolt exhibited non-uniform 

Data obtained for a 

distributions with a zone of near-zero stress close to the head perimeter. 
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Data obta ined  f o r  a 5/8- inch button-head b o l t  i nd ica t ed  t h a t  a n  

approximately l i n e a r  scale f a c t o r  e x i s t e d  f o r  de f in ing  t h e  z e r o - s t r e s s  

zone f o r  button-head b o l t s  smaller than 1-inch i n  diameter.  

Information on t h e  i n t e r f a c e  stress d i s t r i b u t i o n  between c i r c u l a r  

and r ec t angu la r  p la tes  w a s  ob ta ined  from o i l  pene t r a t ion  and o i l  pres-  

s u r e  measurements. 

i n t e r f a c e  stress, r ep resen t  the  f i r s t  ex tens ive  experimental  da t a  of 

t h i s  kind and w e r e  found t o  d i sag ree  wi th  r e s u l t s  obtained from Sneddon's 

(61) theory.  This disagreement w a s  shown t o  be important  when va lues  of 

The va lues  obta ined  f o r  rQ, the  r a d i a l  e x t e n t  of t he  

ro  are app l i ed  i n  the  c a l c u l a t i o n  of p l a t e  d e f l e c t i o n .  

s i m p l i f i e d  method t o  o b t a i n  i n t e r f a c e  stress d i s t r i b u t i o n s ,  p rev ious ly  

v e r i f i e d  f o r  t h i c k  p la tes ,  w a s  shown t o  be i n v a l i d  f o r  t h i n  plates.  An 

approximate method was developed f o r  use  i n  p l ace  of Fernlund 's  s impl i -  

f i e d  method, and was shown t o  y i e l d  adequate  r e s u l t s  i f  ro i s  known t o  

wi th in  2-3  percent .  

Fernlund 's  (60) 

An a n a l y t i c a l  technique,  employing t h e  method of superpos i t ion ,  w a s  

developed t o  desc r ibe  the  d e f l e c t i o n  of t h i n  c i r c u l a r  p l a t e s  wi th  c e n t e r  

ho le s ,  s u b j e c t  t o  non-uniform p a r t i a l  loading. The r e s u l t i n g  equat ions 

were programmed f o r  d i g i t a l  so lu t ion .  This  a n a l y s i s  w a s  shown t o  ag ree  

w e l l  w i th  r e s u l t s  from t h e  l i t e r a t u r e  when app l i ed  t o  cases  involv ing  

uniform continuous loading,  P l a t e  d e f l e c t i o n s  c a l c u l a t e d  wi th  t h i s  pro- 

gram were shown t o  d i sag ree  wi th  Lieb ' s  (42)  s i m p l i f i e d  a n a l y s i s  i n  sev- 

eral important cases .  The program w a s  a l s o  employed i n  a parametr ic  

s tudy  t o  demonstrate t h e  extreme s e n s i t i v i t y  of t h e  d e f l e c t i o n  of bo l t ed  

p l a t e s  t o  t h e  va lue  of rQ. 
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B. Heat Transfer  Resu l t s  

The information obta ined  from t h e  s tudy of bo l thead  and i n t e r f a c e  

stress d i s t r i b u t i o n s ,  combined wi th  t h e  p l a t e  d e f l e c t i o n  program, w a s  

used i n  equat ions  p rev ious ly  developed f o r  the con tac t  reg ion  and t h e  

i n t e r f a c e  gap t o  c a l c u l a t e  t h e o r e t i c a l  va lues  of i n t e r f a c e  conductance 

f o r  two b o l t e d  j o i n t s .  This  w a s  done f o r  aluminum and s t a i n l e s s  steel 

j o i n t s  i n  a i r  and i n  vacuum. These computed conductances were then used 

i n  f i n i t e - d i f f e r e n c e  s t e a d y - s t a t e  h e a t  t r a n s f e r  ana lyses  t o  c a l c u l a t e  

t he  temperature g rad ien t s  ac ross  t h e  j o i n t  i n t e r f a c e s .  

I n t e r f a c e  temperature g rad ien t s  w e r e  measured f o r  t he  aluminum and 

s t a i n l e s s  steel j o i n t s  i n  5 tests i n  a i r  a t  ambient p re s su re  and 4 tests 

i n  vacuum. 

g rad ien t s  w i t h i n  about 2'F. 

The measured g rad ien t s  were found t o  ag ree  wi th  the  computed 

The average dev ia t ion  between measured and 

computed g rad ien t s  was 35 percent .  This dev ia t ion  w a s  a t t r i b u t e d  p a r t l y  

t o  the  e r r o r s  i n  temperature measurement, bu t  most ly  t o  t h e  u n c e r t a i n t i e s  

i n  t h e  va lues  of k, h and Q used i n  t h e  f i n i t e - d i f f e r e n c e  ana lys i s .  

C. Recommendations 

There are two areas i n  which more experimental  d a t a  i s  needed. The 

f i r s t  of these  i s  t h e  de te rmina t ion  of ro as a func t ion  of (rh - r a ) / b .  

The second i s  i n t e r f a c e  temperature grad ien ts .  

I n  Chapter IV t he  importance of knowing ro very  accu ra t e ly  w a s  

demonstrated. I n  order  t o  ob ta in  t h e  needed accuracy over a range of 

va lues  of (rh - r s ) / b  i t  is  be l ieved  t h a t  t h e  methods employed i n  t h i s  

s tudy w i l l  n o t  be  adequate  and t h a t  three-dimensional pho toe la s t i c  methods 

should be  employed i n  an a t tempt  t o  determine ro t o  w i t h i n  a few percent .  
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More a c c u r a t e  measurements of t h e  temperature  drop ac ross  t h e  

i n t e r f a c e  of b o l t e d  j o i n t s  are needed t o  e s t a b l i s h  a r e l i a b l e  experi- 

mental  b a s e l i n e  wi th  which t h e  t h e o r e t i c a l  r e s u l t s  can b e  compared. 

Great care needs t o  be  taken i n  t h e  f a b r i c a t i o n  of t h e  experimental  

p l a t e s .  

t o  e l imina te  any p o s s i b l e  warping. 

i f  p o s s i b l e  t o  i n s u r e  t h e  b e s t  p o s s i b l e  mating. The thermal conduc t iv i ty  

and emi t tance  of the  p l a t e s  should b e  measured t o  w i t h i n  a few percent  i n  

separate, c l o s e l y  c o n t r o l l e d  experiments i n  order  t o  provide accu ra t e  

The p l a t e s  should be  made from t h i c k  f l a t  s t o c k  and ground down 

The mating su r faces  should be  lapped 

d a t a  f o r  c a l c u l a t i n g  h e a t  l o s ses .  A complete f i n i t e - d i f f e r e n c e  a n a l y s i s  

should be performed t o  estimate t h e  h e a t  l o s ses .  This a n a l y s i s  should 

consider  t h e  h e a t i n g  element,  cool ing  p l a t e ,  and t h e  support  s t r u c t u r e  

i n  order  t o  more a c c u r a t e l y  determine t h e  h e a t  l o s s e s  from t h e  element 

and t h e  h e a t  t r a n s f e r  ac ross  t h e  j o i n t .  The thermocouple c a l i b r a t i o n  

should be checked ( i n  place) a t  a temperature above t h e  i c e  po in t ,  i f  

poss ib le .  

p o r t a b l e  v e s s e l .  

This  would r e q u i r e  a s m a l l  e l e c t r i c a l l y - h e a t e d  we l l - in su la t ed  

Larger  temperature g rad ien t s  ac ross  t h e  i n t e r f a c e  would poss ib ly  

reduce t h e  percentage e r r o r  i n  t h e  measurements; however, t h e  h e a t  l o s s e s  

would probably be g r e a t e r .  I f  a l l  of t h e  h e a t  l o s s e s  can be accu ra t e ly  

accounted f o r  i n  a f i n i t e - d i f f e r e n c e  h e a t  t r a n s f e r  a n a l y s i s ,  h ighe r  

hea t ing  rates and temperature  g rad ien t s  would prove b e n e f i c i a l .  

Considerable  improvement i n  t h e  a n a l y s i s  of i n t e r f a c e  stress d i s -  

t r i b u t i o n  could be obta ined  i f  Fern lund ' s  (60) exact method was adapted 

t o  non-uniformly loaded p l a t e s .  

of supe rpos i t i on  t o  desc r ibe  t h e  non-uniform loading. This could b e s t  

This  might be p o s s i b l e  by us ing  a method 
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be done using a digital computer. 

theoretical determination of ro which might prove better than any 

experimental method. 

Such an analysis would permit a 
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APPENDIX A 

Computer Program for Plate Deflection ’ 
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APPENDIX B 

Heat Transfer Data 
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